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ABSTRACT
This thesis characterizes middle ear complex acoustic reflectance (CAR) and
impedance by fitting poles and zeros to real-ear measurements. The goal of
this work is to establish a quantitative connection between pole-zero loca-
tions and the underlying physical properties of CAR data. Most previous
studies have analyzed CAR magnitude; while the magnitude accounts for
reflected power, it does not encode latency information. Thus, an analy-
sis that studies the real and imaginary parts of the data together could be
more powerful. This is accomplished by fitting poles and zeros to the com-
plex data. CAR data compiled from various studies are examined using this
method, including data from Voss and Allen [1994], Rosowski et al. [2012],
Nakajima et al. [2012] and a new study of bacterial biofilm [Nguyen et al.,
2013]. Recent measurements were taken using a middle ear acoustic power
analyzer (MEPA) system (HearID, Mimosa Acoustics), which makes com-
plex acoustic impedance and reflectance measurements in the ear canal over
the 0.2 to 6.0 kHz frequency range. Pole-zero fits to measurements over this
range are achieved with an average RMS relative error of less than 3% using
12 poles. Factoring the reflectance fit into its all-pass and minimum-phase
components approximates the effect of the ear canal, allowing for comparison
across measurements. It was found that individual CAR magnitude varia-
tions for normal middle ears in the 1 to 4 kHz range can be characterized
by closely-placed pole-zero pairs in that frequency region. Additionally, the
characteristics of the pole-zero fit, such as the locations of the poles and ze-
ros in the s-plane, differ between normal and pathological middle ears. This
thesis establishes a methodology for examining the physical and mathemat-
ical properties of CAR using a parametric model. Pole-zero modeling shows
promise for concise parameterization of CAR data and for identification of
middle ear pathologies. Results of a novel study of CAR in the presence of
bacterial biofilm are also presented.
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CHAPTER 1
INTRODUCTION
The middle ear is a critical part of the auditory pathway. Pressure waves
along the ear canal, which acts as an acoustic waveguide, are incident on the
tympanic membrane (TM) and cause it to vibrate. This vibration drives the
ossicular chain (malleus, incus, and stapes) via the connection of the malleus
to the TM at the umbo (Figure 1.1). The ossicles function as a mechanical
lever system, delivering an amplified pressure wave to the cochlea via the
stapes footplate at the oval window. For low frequencies (up to 2-4 [kHz])
the footplate of the stapes moves approximately like a piston [Voss et al.,
2000], creating pressure waves in the cochlear fluid. This whole process
may be modeled as a series of transmission lines. For the purposes of this
document, the middle ear may be defined as beginning at the TM and ending
at the oval window of the cochlea.
Figure 1.1: The human ear (including outer, middle, and inner ear), which
may be modeled as a series of transmission lines.
Various malfunctions of the middle ear system can result in conductive
hearing loss, such that the middle ear transfer function is abnormal. Some
conditions associated with conductive hearing loss include otitis media (OM)
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with effusion (fluid in the middle ear space), TM perforation (a hole in the
eardrum), otosclerosis (abnormal bone growth in the middle ear), and ossic-
ular discontinuity (separation of the ossicular joints). Otosclerosis and ossic-
ular discontinuity most commonly occur at the stapes and incudo-stapedial
joint, respectively. Some other pathologies include superior semicircular
canal dehiscence (SSCD; thinning or absence of part of the temporal bone)
and pressurization of the middle ear (e.g. positive or negative pressure in the
middle ear space, frequently due to eustachian tube disfunction).
Middle ear pathologies can affect all age groups and have a variety of
causes. For instance, noise trauma can cause both TM perforation and os-
sicular discontinuity. Middle ear fluid or OM is especially common in young
children and infants due to Eustachian tube disfunction and, in the case
of newborns, fluids associated with birth (i.e. amniotic fluid). Chronic OM
causes conductive hearing loss and may result in speech perception difficul-
ties. Patients with chronic OM may have 27 [dB] on average and up to 60
[dB] loss in hearing, depending on the effusion fluid level [Bluestone and
Klein, 2007]. Not only can OM interfere with sound conduction, it can also
lead to complications such as eardrum bursts (TM perforation) and serious
bacterial infection. Biofilm, a bacterial plaque buildup on the TM, is one
such complication. Biofilm interferes with the motion of the TM, causing
a conductive hearing loss, and is resistant to antibiotic treatments [Nguyen
et al., 2010].
Most audiometric measurements cannot bypass the middle ear, thus a
correct diagnosis of middle ear function is crucial to a correct diagnosis of
hearing loss. One important example of this arises in newborn hearing screen-
ing, which is intended to detect sensorineural hearing loss (SNHL) as early
as possible in order to identify candidates for cochlear implants, because im-
plant efficacy diminishes rapidly with age. As infants are unable to cooperate
with traditional perceptual threshold testing, an objective measure of hear-
ing function is required. Typically an acoustic measurement, the distortion
product (DP), is taken, which detects evoked otoacoustic emissions (OAEs)
from the cochlea. The absence of OAEs is indicative of SNHL. However,
there is an extremely high DP fail rate in newborns without SNHL, due to
middle ear fluid blocking sound transmission to and from the cochlea. Hunter
et al. [2010] found that the DP pass rate increases drastically in the hours
following birth, from about 50% within the first 20 hours to about 85% by 36
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hours as transient cases of middle ear fluid are resolved. Thus, identification
of transient fluid cases limits the need for more extensive audiometric tests,
and frees necessary clinical resources for infants with SNHL, chronic OM,
or both. To improve the infant hearing screening process, a way to reliably
monitor middle ear status is necessary.
Traditional clinical diagnosis of conductive hearing loss relies on air/bone
threshold measurements, tympanometry, and investigative surgery. Conduc-
tive hearing loss is defined by an ‘air-bone gap,’ which is a difference in the
audiometric thresholds for sound conducted in air and sound conducted in
bone (via a ‘bone driver’ oscillator placed on the mastoid bone). Tympanom-
etry measures the compliance of the TM as the ear canal pressure is varied
between the probe and the eardrum. Tympanometry is very unreliable in
newborns because the ear canal wall is very compliant. For older children
and adults, tympanometry can detect some middle ear conditions, but cannot
always differentiate between them [Nakajima et al., 2012]. This can lead to
surgical exploration of the middle ear which is expensive, and is unnecessary
for some patients. For instance, SSCD, which presents similar audiometric
results to other forms of conductive hearing loss, cannot be remedied by mid-
dle ear surgery. It is important to develop a standardized measurement that
can reliably detect and distinguish many middle ear pathologies better than
the existing clinical standards.
Wideband complex acoustic reflectance (CAR) demonstrates diagnostic
promise for differentiating between various types of conductive hearing loss.
Acoustic reflectance measurements and their clinical applications have been
the subject of many recent studies. These studies have shown that power
reflectance, the magnitude squared of the CAR, shows distinct and often sys-
tematic variations between pathological and normal middle ears (e.g. Keefe
and Simmons, 2003, Feeney et al., 2003, Allen et al., 2005, Hunter et al.,
2010). Studies by Voss et al. [2012] and Nakajima et al. [2012] have inves-
tigated the efficacy of reflectance measurements for differential diagnosis of
middle ear pathology. Tympanometry and laser doppler vibrometry are the
current standards for presurgical differentiation between ossicular fixation,
ossicular discontinuity, and third window disorders [Rosowski et al., 2003,
2008]; Nakajima et al. concluded that power reflectance performs as well
as laser doppler vibrometry, both in combination with audiometry (e.g. air-
bone gap measurements), for differential diagnosis of these disorders. This
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is a valuable result, because CAR measurements can be performed using the
United States Food and Drug Adminstration (FDA) 510(K) cleared middle
ear acoustic power assessment (MEPA) HearID system (Mimsosa Acoustics),
which, as stated by Nakajima et al. [2012], costs an order of magnitude less
than the laser Doppler vibrometer (≈ 10, 000 vs. 100, 000 USD) and requires
less training to operate. In another recent study, Voss et al. [2012] system-
atically manipulated cadaver ears to isolate the effects of various pathologies
with differing degrees of severity, and examined the CAR responses. They
also concluded that power reflectance may be a strong supplement to au-
diometry for the diagnosis of certain pathologies.
While uncertainty in the residual ear canal volume significantly confounds
phase information associated with the eardrum and ossicles, taking the mag-
nitude of the CAR eliminates relevant latency information entirely. It follows
that a holistic analysis of the complex data could be more powerful and gen-
eralizable if the canal effect were accounted for in a rigorous manner, without
eliminating all phase data. In this thesis, a method for concise parametric
characterization of CAR measurements is developed, with the ultimate goal
of improving differential diagnosis of middle ear pathology. This is accom-
plished by fitting poles and zeros to the complex data. It is important to note
that this work is primarily intended to aid in middle ear modeling efforts and
automated diagnosis of pathologies; a raw pole-zero diagnosis is not intended
for the clinic.
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CHAPTER 2
ACOUSTIC REFLECTANCE
For assessment of the middle ear, CAR and impedance are measured at am-
bient pressure by a probe containing a microphone and loudspeaker, sealed
in the ear canal via a foam tip. These measurements are wideband, and
are limited by the characteristics of the microphone used in the probe. The
MEPA system (Mimosa Acoustics), for instance, measures CAR at 248 fre-
quencies from 0.2 to 6 [kHz]. In the following sections, the calibration of such
systems and the effect of the ear canal on CAR and impedance measurements
are described. Finally, known reflectance properties of normal middle-ears
are presented, and the effects of middle ear pathologies on the CAR and
impedance are discussed.
2.1 Measuring Acoustic Reflectance
Clinical systems to measure the acoustic impedance of the ear canal have
been in development since the 1980s, enabled by a simple, robust acoustic
source calibration process [Allen, 1986]. The calibration is performed by
measuring the impedances of known cylindrical cavities to find the frequency
dependent The´venin equivalent parameters Ps(ω) and Zs(ω) of the sound
source, which is housed in a foam or rubber tip (and accompanied by at
least one microphone); a diagram of the The´venin equivalent circuit is shown
in Fig. 2.1. The number of cavities used in calibration varies for different
measurement systems, but is typically around four. The measured pressure
responses and the theoretical impedances of the known cavities, considering
thermal and viscous losses [Keefe, 1984], are used to determine the source
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Figure 2.1: The´venin equivalent circuit for calibration of the reflectance
measurement probe. Ps and Zs are the source pressure and impedance,
while Pk and Zk are the measured pressure and theoretical impedances of
the cylindrical calibration cavities. If there are four tubes, then k =1, 2, 3,
4. All of these quantities will vary with frequency ω.
pressure and impedance by solving the overdetermined system of equations
Z1(ω) −P1(ω)
Z2(ω) −P2(ω)
Z3(ω) −P3(ω)
Z4(ω) −P4(ω)

[
Ps(ω)
Zs(ω)
]
=

Z1(ω)P1(ω)
Z2(ω)P2(ω)
Z3(ω)P3(ω)
Z4(ω)P4(ω)
 . (2.1)
As this system is of the form Ax = b, the solution is xopt = (A
tA)−1Atb.
Once the The´venin parameters of the source, Zs(ω) and Ps(ω), have been
calculated over the desired set of frequencies, the impedance measured at
the ear canal is simply
Z(ω) = Zs(ω)
P (ω)
Ps(ω)− P (ω) , (2.2)
where P (ω) is the measured pressure. This method proved to be much faster
and simpler than the previously existing calibration methods, making it much
more suitable for clinical use [Allen et al., 2005]. Such systems were first used
for measurement of ear canal CAR in humans in the early 1990s [Keefe et al.,
1992, Voss and Allen, 1994].
This calibration procedure assumes that the area of the calibration cavity
and the area of the cavity to be measured (the ear canal) are the same. The
probe tip is typically selected to fit the ear canal of the subject, considering for
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example that an adult’s ear canal will be larger than a child’s ear canal. The
probe is calibrated in a set of cavities similar to the ear canal size for which
it will be used, such that the area of the calibration cavity is approximately
equal to the area of the ear canal. Small variations in the actual area of the
ear canal relative to the cavity area, within ±20%, cause a negligible change
in the magnitude reflectance measurement [Keefe et al., 1992, Voss and Allen,
1994]. In their 1994 paper, Voss and Allen used calibration cavities of the
average adult ear canal diameter, 7.4 [mm].
(a) (b)
Figure 2.2: Measuring CAR in the ear canal. (a) Probe placement in the ear
canal, (b) a simple model of reflectance measurements in the ear canal.
After calibration, the probe is sealed in the ear canal as shown in Fig. 2.2a.
Placement of the tip will vary across individuals, but on average it is about
5 to 10 [mm] from the TM since the probe is about 15 [mm] long and the
typical adult ear canal is about 23.5 [mm] long [Fletcher, 1925]. It is worth-
while to note that for cadaver preparations, the tip of the probe is typically
placed much closer to the TM, within 2-3 [mm]. Once the probe has been
sealed (the foam tip has expanded) in the ear canal, a wideband stimulus is
emitted by the probe, and the complex pressure response is measured. From
the calibration pressure responses, the acoustic impedance, reflectance, and
related quantities (admittance, power reflectance, etc.) may be calculated.
The CAR, denoted Γ(ω), is equal to the ratio of the reflected wave pressure,
P−, to the incident wave pressure, P+, at the microphone location in the ear
canal, as a function of radian frequency (ω = 2pif). The magnitude squared
of the reflectance, |Γ(ω)|2, represents the relative acoustic power reflected
back to the ear canal from the middle and inner ears. The power reflectance is
related to conductive hearing functionality and is therefore relevant to clinical
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assessment of the middle ear [Allen et al., 2005]. The complex acoustic
impedance Z(ω) and reflectance Γ(ω), as functions of frequency, are related
by
Γ(ω) =
P−(ω)
P+(ω)
=
Z(ω)/r0 − 1
Z(ω)/r0 + 1
, (2.3)
where r0 = ρc/A is the estimated surge resistance, ρ is the density of air, c is
the speed of sound, and A is the area of the ear canal. The ‘surge’ impedance
[Campbell, 1922] is defined as the amplitude of the δ(t) component of the
time-domain impedance; because it is a real constant, it is denoted as the
surge resistance. It follows that the reflectance is strictly causal [Claerbout,
1985]. The surge resistance and time domain reflectance are discussed further
in Section 7.2.
It is important to note that for a passive system, such as the middle ear,
the magnitude reflectance |Γ(ω)| will never be greater than 1. For a passive
system, the real part of the impedance must always be non-negative [Brune,
1931, Van Valkenburg, 1964]. The corresponding constraint on the reflectance
magnitude is proved as follows:
0 ≤ Re{Z(ω)} = Z(ω) + Z
∗(ω)
2
≤ r0
2
[
1 + Γ(ω)
1− Γ(ω) +
1 + Γ∗(ω)
1− Γ∗(ω)
]
≤ r0
2
[
(1 + Γ(ω))(1− Γ∗(ω)) + (1 + Γ∗(ω))(1− Γ(ω))
(1− Γ(ω))(1− Γ∗(ω))
]
≤ r0
[
(1− |Γ(ω)|2)
|1− Γ(ω)|2
]
.
For this inequality to hold, it is required that |Γ(ω)| ≤ 1. It follows that a
purely imaginary impedance (Re{Z(ω)} = 0) must have a reflectance mag-
nitude of 1.
2.2 Effects of the Residual Ear Canal
The clinical utility of CAR depends on its capacity to discern normal from
pathological results, which requires a method for comparing measurements
across ears. Direct comparison of CAR is complicated because the resid-
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ual canal dimensions between the probe tip and TM vary across subjects.
This uncertainty has a large effect on the reflectance phase and the complex
acoustic impedance, making it difficult to compare measurements across ears.
Consider now a simple measurement model, to aid intuition about the effects
of the residual ear canal on the complex measurements.
In a simple model of CAR measurement, the ear canal may be modeled
as a hard-walled tube terminated in a load ZTM(ω) (the impedance of the
middle ear including the TM) as shown in Fig. 2.2b. This model assumes
plane wave propagation, which is valid up to about 27 [kHz] depending on
the speed of sound and the exact area of the canal [Voss and Allen, 1994].
Above this frequency, higher order modes can become important. Note that
the human hearing range is about 20 [Hz] to somewhat less than 20 [kHz].
The TM is approximated as perpendicular to the canal, even though it is
actually at an angle (see Fig. 1.1). Nonplanar modes exist close to the TM
due to its angle, but they are well attenuated within a few [mm] [Voss and
Allen, 1994]. Thus, it is convenient that measurements are typically made at
a canal location relatively far from the TM.
Take the distance along the ear canal between the probe tip and the TM
to be L. Because L varies across subjects, it is important to consider how
the measurements of Z(ω) and Γ(ω) are affected by the canal length, relative
to their counterparts at the TM. The acoustic measurements of impedance
Z(0, ω) and reflectance Γ(0, ω) are made at the probe. Acoustic impedance
and reflectance at the probe are related to each other and to their counter-
parts measured at the TM, ZTM(ω) = Z(L, ω) and ΓTM(ω) = Γ(L, ω), by
the acoustic transmission line relation
Z(x, ω) =
P (x, ω)
U(x, ω)
=
P+(x, ω) + P−(x, ω)
U+(x, ω)− U−(x, ω)
=
P+TMe
−jk(x−L) + P−TMe
jk(x−L)
U+TMe
−jk(x−L) − U−TMejk(x−L)
. (2.4)
An analogous equation for an electrical transmission line is derived by Staelin
et al. [1998].
Pressure and velocity quantities marked with a ‘+’ are forward-going, and
those marked with a ‘-’ are backward-going waves. U is the volume velocity,
and U(x, ω) and P (x, ω) are frequency domain quantities. The wavenumber
k, the characteristic impedance of the tube r0, and the reflectance Γ(x, ω)
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are defined as follows:
k =
ω
c
(2.5)
r0 =
P+(x, ω)
U+(x, ω)
=
ρc
A
(2.6)
Γ(x, ω) =
P−(x, ω)
P+(x, ω)
=
U−(x, ω)
U+(x, ω)
. (2.7)
Note that the relationship in Eq. 2.3 holds at any point along the ear canal
in this model, because r0 is constant when the tube has a uniform area A(x).
In this model, the characteristic impedance of the ear canal tube and
the surge resistance have the exact same value. A common failing of this
simple model of reflectance is that is does not properly distinguish between
a frequency dependent reflection coefficient and the reflectance. Because the
tube is uniform and lossless, the surge impedance looking into the tube at any
point along its length is equal to its characteristic impedance, r0. However,
for Γ(ω) to be a true reflectance, r0 in Eq. 2.3 must always be the real-valued
surge resistance (not the characteristic impedance of the ear canal, which
may be complex). This is a necessary condition for γ(t) = F−1{Γ(ω)} to
be strictly causal, meaning it has no δ(t) component. It is required that the
time domain reflectance have no δ(t) singularity, because at t = 0 there can
be no reflected wave [Claerbout, 1985].
Using the relations in Eqs. 2.4 through 2.7, it is possible to estimate the
effect of probe insertion depth on the measurement of Z(ω) and Γ(ω). Start-
ing from Eq. 2.4, the relationship between Z(x, ω) and Γ(x, ω) along the tube
in Fig. 2.2b is further described by
Z(x, ω) =
P+(x, ω)
U+(x, ω)
[
1 + P
−(x,ω)
P+(x,ω)
1− U−(x,ω)
U+(x,ω)
]
=
P+(x, ω)
U+(x, ω)
[
1 +
P−TM
P+TM
e2jk(x−L)
1− U−TM
U+TM
e2jk(x−L)
]
= r0
1 + Γ(x, ω)
1− Γ(x, ω) = r0
1 + ΓTM(ω)e
2jk(x−L)
1− ΓTM(ω)e2jk(x−L) .
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Examining this relationship at the probe tip (x = 0),
Z(0, ω) = r0
[
1 + Γ(0, ω)
1− Γ(0, ω)
]
= r0
[
1 + ΓTM(ω)e
−2jkL
1− ΓTM(ω)e−2jkL
]
= r0
[
1 +
[
ZTM (ω)−r0
ZTM (ω)+r0
]
e−2jkL
1−
[
ZTM (ω)−r0
ZTM (ω)+r0
]
e−2jkL
]
= r0
[
(ZTM(ω) + r0)e
jkL + (ZTM(ω)− r0)e−jkL
(ZTM(ω) + r0)ejkL − (ZTM(ω)− r0)e−jkL
]
= r0
[
ZTM(ω) cos(kL) + jr0 sin(kL)
jZTM(ω) sin(kL) + r0 cos(kL)
]
.
Thus, according to this model, the impedance and reflectance measured at
the probe tip in the ear canal are related to the impedance and reflectance
at the TM by
Γ(ω) = ΓTM(ω)e
−2jkL (2.8)
Z(ω) = r0
[
ZTM(ω) + jr0tan(kL)
r0 + jZTM(ω)tan(kL)
]
. (2.9)
It is easy to see that the variable canal length between subjects makes it
difficult to compare impedance measurements. For the reflectance, however,
it is propitious that Γ(ω) and ΓTM(ω) only differ by a phase factor in this
simple model, such that
|Γ(ω)| = |ΓTM(ω)|. (2.10)
It is clear that for this model of the ear canal, the magnitude of the re-
flectance is independent of the probe insertion depth. This makes it possible
to compare the magnitude reflectance |Γ| (and quantities derived from it)
across subjects.
In many cases this simple tube model of the ear canal is not realistic,
particularly because the residual ear canal area A(x) varies with distance x
along the ear canal [Farmer-Fedor and Rabbitt, 2002]. Equation 2.8 repre-
sents a special case of a uniform (constant A(x)), lossless canal; a nonuni-
form, lossless canal would have a more complicated phase dependence on
frequency. However, consideration of the CAR magnitude (or the power re-
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flectance |Γ(ω)|2) is highly effective because even when A(x) is nonuniform,
the ear canal may be reasonably approximated as lossless, and Eq. 2.10 holds.
Eliminating the variation due to the residual ear canal by using the CAR
magnitude or power reflectance allows for comparison across measurements
with unknown residual canal dimensions. The relationship in Eq. 2.10 was
experimentally verified by Voss et al. [2008], who showed that variations in
measurement location along the canal result in minimal changes in the mag-
nitude reflectance for an individual ear. Thus, the magnitude reflectance is
the current diagnostic standard using CAR measurements. Often, the magni-
tude squared |Γ|2 is considered, because it represents the fraction of acoustic
power reflected by the middle ear.
2.3 Reflectance of the Human Middle Ear
Reflectance data were first reported for human ears by Stinson et al. [1982]
and Hudde [1983]. Major early studies using the The´venin calibration method
include Keefe et al. [1993] and Voss and Allen [1994]. Many other norma-
tive and pathological studies have been conducted since then, as mentioned
in Chapter 1. Perhaps the most controlled database of normative data was
recently collected by Rosowski et al. [2012]. This data set is comprised of 58
‘strictly normal’ ears defined by stringent audiometric criteria, and will be
used frequently throughout this thesis as a normative reference for examining
changes of the CAR in the presence of middle ear pathologies.
2.3.1 Normal Ears
Figure 2.3 shows normative reflectance and impedance measurements mea-
surements of normal ears from Rosowski et al. [2012]. The dotted black lines
show the average normal ear from Rosowski et al. [2012], and the light gray
regions show ±1 standard deviation about the mean for these quantities. Six
example normal ears from this study (S003L, S006L, S011L, S017L, S021L,
and S022L) are shown as well. Considering Fig. 2.3a, the reflectance magni-
tude of normal ears approaches 1 at low frequencies, has a broad minimum
in the mid-frequency region from about 1 to 4 [kHz], and increases again at
high frequencies, possibly due to a high-frequency mass loading effect. The
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mid-frequency region corresponds to the most sensitive hearing range for hu-
mans [Voss and Allen, 1994, Feeney et al., 2003, Allen et al., 2005], and is the
region of most significant variation for normal ears [Rosowski et al., 2012].
Note that while the average ear may appear smooth in this region, there is
actually a significant amount of individual variation across the six ears. The
reflectance phase of the average ear and individual measurements (Fig. 2.3b)
shows a significant amount of delay, due to the residual ear canal. This
becomes especially apparent when considering the reflectance group delay,
which has a large constant component across all frequencies.
The complex acoustic impedance is represented in two ways: the mag-
nitude and phase (Figs. 2.3c and 2.3d), and the resistance and reactance
(Figs. 2.3e and 2.3f), which are the real and imaginary parts of the impedance,
respectively. The impedance has been normalized by the surge resistance r0,
to remove the effect of the ear canal area across subjects [Allen et al., 2005].
The residual ear canal causes a distinct ‘standing wave’ notch in the normal-
ized impedance magnitude (Fig. 2.3c), due to reflections between the probe
and TM [Scheperle et al., 2008, Withnell et al., 2009]. This notch is re-
lated to the mass-stiffness transition of the impedance across frequency for
a given residual canal volume, corresponding to the transition from negative
to positive impedance phase (Fig. 2.3d). A phase of −pi/2 is a pure com-
pliance (ZC = 1/jωC = e
−jpi/2/ωC), while a phase of pi/2 is related to a
pure mass (ZM = jωM = e
jpi/2ωM). Due to the relative magnitudes of the
normalized resistance (Fig. 2.3e) and the normalized reactance (Fig. 2.3f),
the normalized impedance magnitude is dominated by the reactance below
1 [kHz].
At low frequencies, it is clear that Z/r0 is stiffness-dominated; because the
normalized resistance is relatively small, the normalized reactance goes as
− 1
ω
, and the impedance phase approaches −pi/2. The logarithmic plot of |Z|
has a distinct low frequency slope corresponding to the −1/ω behavior of
the reactance. The compliance associated with this slope can be solved for
assuming Z/r0 ≈ 1/jωC at low frequencies, using a linear regression of the
form
log10 |Z(ω)| = −A log10(ω) +B, (2.11)
where A should be approximately equal to -1 if the impedance is stiffness
dominated, and C ≈ 10−B. The compliance C corresponds to an enclosed
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Figure 2.3: Reflectance properties of normal ears. (a) Reflectance magnitude,
(b) reflectance phase, (c) normalized impedance magnitude, (d) impedance
phase, (e) normalized resistance, (f) normalized reactance. Data are taken
from Rosowski et al. [2012]; the dotted black lines show the average normal
ear, and the light gray regions show ±1 standard deviation about the mean.
Note that some individual ears, though defined as normal by audiometry,
may have undetected middle ear conditions (e.g. S011L).
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volume, which has some stiffness 1/C [Kinsler et al., 2000].
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Figure 2.4: Absorbance level [dB]. Normative data and individual measure-
ments are taken from Rosowski et al. [2012]; the dotted black lines show the
average normal ear, and the light gray regions show ±1 standard deviation
about the mean.
Figure 2.4 shows the absorbance level in [dB] [Allen et al., 2005, Rosowski
et al., 2012], defined as
Absorbance [dB] ≡ 10 log10(1− |Γ(ω)|2), (2.12)
where 1 − |Γ(ω)|2 is the power absorbed by the middle ear. This represen-
tation of the CAR data was originated in Allen et al. [2005], where it was
initially called the ‘transmittance.’ The mean and normative region of the
absorbance level for normal middle ears have a very distinct shape. Rosowski
et al. [2012] characterize the rising slope as 15 [dB] per decade and the falling
slope as -23 [dB] per decade, with a flat region occurring between about 1
and 4 [kHz]. This is a useful way to characterize reflectance data, because
deviations of the absorbance level from normal are more easily visually rec-
ognized. Assuming no significant leaks in the middle ear system (e.g. TM
perforation), the absorbance is related to the middle ear transfer function
and thus to hearing sensitivity [Allen et al., 2005, Rosowski et al., 2012].
Additionally, the absorbance level condenses in a rational way the region of
individual variation in the magnitude reflectance for normal ears, to a range
of a few decibels.
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2.3.2 Pathological Ears
The amount of pathological CAR data is rapidly increasing. Early stud-
ies such as those by Feeney et al. [2003] and Allen et al. [2005] presented
a few cases of known pathologies, showing that the middle ear pathologies
appeared to have systematic effects on the wideband acoustic reflectance.
Recent studies such as Hunter et al. [2010] (middle ear fluid in newborns),
Nakajima et al. [2012] (stapes fixation due to otosclerosis, ossicular discon-
tinuity, SSCD), Shahnaz et al. [2009] (otosclerosis) and Voss et al. [2012]
(cadaver manipulations: positive/negative pressure, middle ear fluid, fixed
stapes, ossicular discontinuity, perforations) have developed sizeable CAR
databases for a number of pathologies, which may aid middle ear diagnosis
based on CAR measurements. Some examples of pathological CAR data are
given in Figure 2.5. These data are taken from Allen et al. [2005].
(a) (b)
(c) (d)
Figure 2.5: Pathological middle ears from Allen et al. [2005]. (a) Absorbance
level [dB] of a child’s ear with OM, (b) absorbance level [dB] of adult oto-
sclerotic ears, (c) absorbance level [dB] of a normal adult ear compared to
an ear with a perforated TM, (d) normalized impedance magnitude for the
ears shown in (c).
Figure 2.5a shows a child’s ear with OM with effusion, compared to nor-
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mative data for 2.5 to 4 year old children. The power absorbance level is
lower than normal for all frequencies due to the presence of fluid in the ear.
According to Allen et al., the lower absorbance level was consistent with the
measured elevation of hearing thresholds for the ear. Figure 2.5b shows an
otosclerotic ear. The rising slope of the absorbance level has been shifted
right (higher in frequency), corresponding to an increase in overall stiffness
(a decrease in compliance). This is consistent with the notion that abnormal
bone growth stiffens (limits the movement of) the ossicular chain.
Figures 2.5c and 2.5d, show the absorbance level and normalized impedance
for an ear with a TM perforation. Allen et al. state that the perforation was
about 3 to 4 [mm] in diameter, which is a significant size compared to the
TM. Considering Fig. 2.5c, much more power is absorbed at low frequencies
in the ear with a TM perforation, as compared to the normal ear. This
does not necessarily mean that the power is conducted through the middle
ear, as pressure waves may propagate through the TM hole but not actually
drive the ossicular chain. The normalized impedance shows much less noise
variation than the absorbance level, and a very distinct notch at about 350
[Hz]. This notch corresponds to a resonance, due to the hole in the TM.
Voss et al. [2001] showed that for low frequencies and large perforations, the
ear response can be simply modeled as a function of frequency, perforation
diameter, and middle ear cavity volume. This is essentially a Helmholtz res-
onator, where the hole in the TM is the ‘neck’ and the middle ear space is the
‘chamber.’ Thus, the elevated absorbance level at low frequencies (Fig. 2.5c)
corresponds to loss in the middle ear cavity.
It is clear from these examples that systematic changes of the CAR and
impedance occur in the presence of middle ear pathologies. These changes
may often be modeled based on physical intuition regarding the specific
pathology. Figure 2.5 is intended as an example of this systematic behavior,
but there are many more pathological studies, as referenced in Chapter 1. In
this thesis, stapes fixation, ossicular discontinuity, and SSCD data are ana-
lyzed using pole-zero fitting; the systematic changes of the CAR due to these
pathologies are described in tandem with the pole-zero results. Addition-
ally, a novel study of bacterial biofilms is presented, detailing the systematic
acoustic changes for five ears with confirmed biofilms and the corresponding
pole-zero results.
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CHAPTER 3
METHODS AND ANALYSIS
In this chapter, a pole-zero analysis for CAR measurements is presented.
Pole-zero representation of CAR data is introduced, followed by a description
of the fitting method. Some nuances of this method, such as the best domain
for fitting (e.g. Γ, Z, or Y ), are discussed. Finally, a method to compare
complex fits across ears is introduced. This is a necessary consideration,
because the unknown residual canal dimensions between the probe tip and
TM cause undesired variation of the CAR across measurements.
The CAR data sets examined in this thesis were compiled from previous
studies. A population of normal ears was drawn from Voss and Allen [1994]
and Rosowski et al. [2012]. Fourteen CAR measurements of ten ears (four
retest measurements) were collected in vivo up to 15 [kHz] by Voss and Allen
using a measurement system described in their paper, along with measure-
ments of two ear simulators, the B&K 4157 and the DB-100. Fifty-eight
CAR measurements (and 58 retest measurements) were collected in vivo
over a frequency range of 0.2 to 6 [kHz] by Rosowski et al., using the Mi-
mosa Acoustics HearID system. These 58 “strictly normal” ears met specific
audiometric criteria in order to be included in the study.
Pathological and cadaver measurements were drawn from Nakajima et al.
[2012] and Voss et al. [2012]. The Nakajima et al. [2012] CAR measurements
were collected in vivo from patients with confirmed stapes fixation due to oto-
sclerosis, ossicular discontinuity, and superior semicircular canal dehiscence.
The Voss et al. [2012] CAR measurements were collected from cadaver prepa-
rations, which were manipulated to simulate static pressure disorders in the
middle ear cavity (positive and negative), middle ear fluid, fixed stapes, dis-
articulated incudo-stapedial joints, as well as TM perforations. Additionally,
the cadaver ears were measured in their ‘normal’ (unmodified) state. These
data were also collected using the Mimosa Acoustics HearID system.
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3.1 Pole-Zero Representation of CAR Data
Poles and zeros may be expressed in terms of a rational polynomial fraction,
as the roots of the denominator and numerator, respectively. Such a function
will have the form
Fˆ (s) =
bNzs
Nz + bNz−1s
Nz−1 + ...+ b1s+ b0
sNp + aNp−1sNp−1 + ...+ a1s+ a0
= bNz
∏Nz
i=1(s− zi)∏Np
i=1(s− pi)
, (3.1)
where s is the complex angular frequency variable (s = σ + jω), ai and bi
are the polynomial coefficients, Np is the number of poles, Nz is the num-
ber of zeros, pi are the poles, and zi are the zeros [Van Valkenburg, 1964].
For our application, the relative order is constrained to |Nz − Np| ≤ 1 by
the fitting procedure (Appendix A). Poles and zeros are a familiar concept
regarding impedance. Considering Eq. 2.3, the reflectance must also have
poles and zeros via a simple algebraic transformation. Thus, Fˆ (s) may be
a fit to the impedance Z, the reflectance Γ, or some other simple algebraic
transformation of the data.
Some example CAR measurements (dots) and pole-zero fits (lines) are
shown in Fig. 3.1 for two standard artificial ear simulators, the B&K 4157
(black) and the DB-100 (gray). These measurements are from Voss and Allen
[1994]. Each fit is performed on reflectance domain data (Γ(ω)) with Np =
Nz = 6; the B&K 4157 fit has a RMS relative error of 1.7%, and the DB-100
fit has a RMS relative error of 2.9%. Reflectance and impedance magnitude
vs. frequency (Figs. 3.1a, 3.1b), and phase vs. frequency (Figs. 3.1c, 3.1d), are
shown for both couplers. The impedance is normalized by the estimated surge
resistance r0. Effects of the residual simulator ear canals are particularly
noticeable in the reflectance phase and normalized impedance magnitude
graphs. Considering the reflectance phase (Fig. 3.1c), the DB-100 has a
much flatter phase across frequency than the B&K 4157, indicating less delay
and thus a shorter residual canal. The normalized impedance magnitude
of the B&K 4157 shows a high ‘standing wave’ frequency notch, while the
normalized impedance magnitude of the DB-100 does not. The absence of
such a notch in the DB-100 impedance magnitude indicates a shorter distance
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Figure 3.1: Standard ear simulator measurements from Voss and Allen [1994].
(a) Reflectance magnitude |Γˆ(jω)|, (b) normalized impedance magnitude
|Zˆ(jω)|/r0, (c) reflectance phase 6 Γˆ(jω), (d) impedance phase 6 Zˆ(jω). Ex-
ample measured data (dots) and pole-zero fit (lines) are shown for the B&K
4157 (black) and the DB-100 (gray). The fits were performed in the re-
flectance domain over 0.1 to 8.2 [kHz], yielding 6 poles and 6 zeros for each
fit. The B&K 4157 fit has a RMS relative error of 1.7%, and the DB-100 fit
has a RMS relative error of 2.9%. The magnitude reflectance (a) of the B&K
4157 is more similar to an average normal ear across the entire frequency
range than the DB-100. The DB-100 exhibits a much shorter ear canal be-
havior than the B&K 4157 considering the impedance magnitude (b) and the
reflectance phase (c).
between the probe tip and TM; such a notch may still exist, but at a higher
frequency outside of the measured range. Finally, considering the impedance
magnitude and phase, the B&K 4157 ear canal impedance becomes mass
dominated at high frequencies (beyond the standing wave frequency) while
the DB-100 impedance does not.
According to Voss and Allen [1994], the reflectance magnitude of the DB-
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100 ear simulator best resembles that of their ten human ear average below 4
[kHz], but the B&K 4157 is a better match to the average for frequencies up
to 10 [kHz]. Considering Fig. 3.1a, the B&K 4157 reflectance magnitude is
close to one at low frequencies, has a broad minimum from about 1 to 4 [kHz],
and rises again at high frequencies; this is also similar to the average results
obtained by Rosowski et al. [2012], among others. However, the reflectance
magnitude of the DB-100 does not share this high frequency behavior, instead
continuing to decrease above 4 [kHz]. Thus, the B&K 4157 measurement is
a better standard for comparison of complex pole-zero fits, and will be used
in this paper to represent an average normal ear. It is important to note
that while the average magnitude reflectance of normal middle ears has a
broad, flat minimum from about 1 to 4 [kHz], individual ears have variable
fine-structure minima and maxima in this range [Rosowski et al., 2012, Allen
et al., 2005]. These intersubject variations are typically due to anatomical
differences across ears, including properties of the TM, ossicles, middle ear
cavities and inner ear load [Voss et al., 2000, Aibara et al., 2001, Rosowski
et al., 2012].
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Figure 3.2: Pole-zero fit of the B&K 4157 measurement from Voss and Allen
[1994]. (a) Poles and zeros of Γˆ(s), (b) poles and zeros of Zˆ(s)/r0. Note that
there are two closely-spaced poles on the real axis in Fig. 3.2a, though they
appear to overlap on this scale. The fit was performed in the reflectance
domain over 0.1 to 8.2 [kHz], and the impedance domain poles and zeros
were calculated via Eq. 2.3. This pole-zero fit produces the curves shown in
Fig. 3.1. The pole-zero pair labeled a (a) appears to characterize the first
minimum of |Γˆ(jω)| (Fig. 3.1a), and the pole at d (b) appears to characterize
the low-frequency stiffness of |Zˆ(jω)| (Fig. 3.1b).
Figure 3.2 shows the poles and zeros that produce the fit to the B&K 4157
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shown in Fig. 3.1. Figure 3.2a shows the poles and zeros of the reflectance fit
Γˆ(s) and Fig. 3.2b shows the poles and zeros of the normalized impedance fit
Zˆ(s)/r0, which have been calculated from the fitted reflectance domain poles
via Eq. 2.3. Notice that in both domains the poles and zeros have complex
conjugate symmetry (those in the upper half s-plane mirror those in the lower
half s-plane); this is a necessary condition for the polynomial coefficients in
Eq. 3.1 to be real. With relation to the magnitude and phase response, the
ω = Im{s} location of a pole or zero typically determines the frequency region
in which it has the largest effect, and the σ = Re{s} component of a pole or
zero is related to the damping. Poles and zeros with smaller damping, which
lie closer to the ω axis, have a larger effect on the fitted magnitude and phase
responses. Throughout this presentation, pole-zero locations will be plotted
as s/(2pi), such that the frequency axis f = ω/(2pi) may be referenced to the
frequency axes of the magnitude and phase responses.
Considering the poles and zeros of Γˆ(s) in Fig. 3.2a, the pole-zero pair
labeled a (with conjugate a* ) seems to characterize the first minimum of the
magnitude reflectance at 1 [kHz] (Fig. 3.1a), while the zero at b (b* ) and
the pole at c (c* ) correspond to its high-frequency behavior. Considering
the pole-zero plot of the normalized impedance Zˆ(s)/r0 (Fig. 3.2b), note the
solitary pole, labeled d, on the real axis approximately at the origin. This
pole is actually in the right half s-plane (RHP), with a relatively small value
of σ/(2pi) = 9 [Hz], causing the impedance fit to be unstable. Because its |σ|
value is small, pole d is functionally at the origin; such small instabilities in
the impedance can occur when fitting reflectance domain data, and will be
discussed at length in Section 3.3. Because it is approximately at the origin,
the pole at d characterizes the stiffness of the impedance below 1 [kHz]; it
has a stronger effect on |Zˆ(jω)|/r0 (Fig. 3.1b) than the other zeros and poles
on the real axis, as it has the smallest σ value. Thus the pole-zero fits may
be used to model some physics of CAR and impedance measurements.
It is important to note that pole-zero fitting of CAR data cannot be ac-
complished by autoregressive moving-average (ARMA) modeling methods
(e.g. Recio-Spinoso et al., 2011), because the time domain signal γ(t) =
F−1{Γ(ω)} (where F−1 denotes the inverse Fourier transform) is not very
precise. CAR is measured as a function of frequency, and measurement noise
below 100 or 200 [Hz] typically prevents the accurate calculation of an inverse
FFT. Instead, a method developed by Gustavsen and Semlyen [1999] is used
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to fit CAR data directly in the frequency domain. This procedure finds a
rational approximation of the data as a function of complex frequency, us-
ing their ‘vector fitting’ method. Such pole-zero fits capture magnitude and
phase characteristics of CAR measurements with low RMS relative error and
a small set of parameters. The fitting procedure is described next, followed
by fitting results for CAR data, and their diagnostic implications.
3.2 Pole-Zero Fitting Procedure
Rational approximations to the CAR data as a function of frequency (ω =
2pif) were calculated using a vector fitting procedure developed by Gustavsen
and Semylen [1999]. Fˆ (s), where s = σ+jω is the complex angular frequency
variable, will be used to denote the complex frequency domain fit, and F (ω)
will be used to denote the measured complex frequency domain data. It is
important to note that the data is only available as a function of ω, thus the
data is related to the fitted function by F (ω) ≈ Fˆ (s)|s=jω; in words, when
Fˆ (s) is evaluated along the ω axis of the complex s-plane, it approximates
the observed data. Because the middle ear is not a lossless system, the poles
and zeros of the fit are typically located off the ω axis (have non-zero σ values
related to the damping). Thus Fˆ (s)|s=jω typically has minima and maxima
instead of zero and infinite values.
The data (e.g. the complex reflectance Γ(ω), impedance Z(ω), or admit-
tance Y (ω) = 1/Z(ω)) is fit to a residue expansion of the form
Fˆ (s) =
Np∑
i=1
Ci
s− Ai +D + Es, (3.2)
where the constants D and E are real quantities, while the constant poles
and residues, Ai and Ci, are either real or occur in complex conjugate pairs.
Note that if E and D are non-zero, the numerator order (Nz, as in Eq. 3.1)
is one greater than the denominator order (Nz = Np + 1). Similarly, if E
is zero and D is non-zero the numerator and denominator orders are equal
(Nz = Np), and if both D and E are zero the numerator order is one less
than the denominator order (Nz = Np − 1). Equation 3.2 is nonlinear in its
unknowns, because the unknown poles Ai appear in the denominator. Since
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the poles and zeros of a 1-port network impedance are restricted to first
order, with a relative order of |Nz −Np| ≤ 1, the functional form of Eq. 3.2
is sufficient for fitting impedance domain data [Van Valkenburg, 1964]. The
reflectance does not have the same constraints, but given its relationship to
impedance (Eq. 2.3) we assume it will also fit well to this form. It is important
to note that while the total number of parameters may seem daunting, there
are typically fewer ‘degrees of freedom’ than it seems, because the complex
poles and zeros are constrained to come in complex conjugate pairs. For
instance, if a fit has twelve poles and ten of them are complex, there are
only seven ‘degrees of freedom’ related to the poles, because five (half) of
the complex poles are constrained by conjugate symmetry. This constraint
is preserved under the transformation in Eq. 2.3.
The vector fitting procedure is a two-step process, which converts a nonlin-
ear least squares problem to a linear least squares problem by introducing an
unknown scaling function with known poles [Gustavsen and Semlyen, 1999].
This procedure is described at length in Appendix A. Given a fixed number
of poles, the algorithm converges very rapidly, usually within a few iterations.
The algorithm may be re-run with an increasing number of poles, until some
error criterion is met. For some measurements, the fitting procedure may
return a set of poles and zeros with nearly overlapping pole-zero pairs, due
to small extrema from measurement noise. Such pairs may be considered to
‘overfit’ the data, and it is often possible to eliminate them from the fit with-
out causing an appreciable increase in the fitting error. For the remainder
of this presentation, goodness of fit will be described using a mean squared
error (MSE) metric, in decibels, relative to the L2 norm of the signal:
MSE [dB] = 10 log10
[∑ |F (ω)− Fˆ (jω)|2∑ |F (ω)|2
]
. (3.3)
A MSE of -30 [dB] corresponds to a relative error of about 3%.
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(b) Rosowski et al. [2012] data
Figure 3.3: Fit error evaluation across the impedance (Z), admittance (Y )
and reflectance (Γ) domains for different data sets (18 iterations of the fitting
algorithm). Lines show the average MSE [dB] vs. pole order (Np) for each
domain, with error bars indicating one standard deviation. (a) 14 measure-
ments of normal ears [Voss and Allen, 1994] fit over the 0.1 to 10 [kHz] range,
(b) 112 measurements of normal ears [Rosowski et al., 2012] fit over the 0.2
to 6 [kHz] range. Fitting measurements in the Γ domain achieves the lowest
fitting error overall.
3.3 Domain of Fitting
An error analysis of the fitting procedure is given in Fig. 3.3. Average MSE
vs. pole order is plotted for pole-zero fits of two data sets of normal mid-
dle ears in different domains. The impedance (Z), admittance (Y ), and
reflectance (Γ) domains are examined. Figure 3.3a shows the average MSE
for fits of 14 normal ear measurements made by Voss and Allen [1994] over
0.1 to 10 [kHz]. Figure 3.3b shows the average MSE for fits of 112 normal ear
measurements made by Rosowski et al. [2012] over 0.2 to 6 [kHz]. Error bars
show ±1 standard deviation of the MSE for a given data set and fitting do-
main. Considering Figs. 3.3a and 3.3b, the fit error saturates between about
10 and 20 poles, beyond which the algorithm begins to fit the measurement
noise; this behavior is best captured by the admittance and reflectance do-
main curves in Fig. 3.3b, where the error improves by 15 [dB] between 4 and
20 poles, and by less than 5 [dB] between 20 and 60 poles. Figure 3.3a shows
higher average MSEs than Fig. 3.3b. This is primarily because the Voss and
Allen [1994] measurements were fit over a larger frequency range, which in-
cludes more noise than the Rosowski et al. [2012] measurement range. In
Fig. 3.3a, impedance domain fitting performs better than admittance do-
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main fitting, and vice versa in Fig. 3.3b, due to the frequency range of the
fit and measurement noise. Because of the typical shape of the impedance
response (e. g. Fig. 3.1b), low frequency noise has a larger effect on error
in the impedance domain, and high frequency noise has a larger effect on
error in the admittance domain. There are differing amounts of low and high
frequency noise over the 0.1 to 10 [kHz] and 0.2 to 6 [kHz] ranges, causing
differences in impedance domain error relative to admittance domain error.
Considering Fig. 3.3, the fitting procedure consistently performs best in
the reflectance domain. Additionally, for diagnostic applications it may be
desirable to have the best possible fit to the magnitude reflectance, which
has shown the greatest promise for detecting middle ear pathologies. While
the impedance magnitude and phase are both dominated by the ear canal
response, in the reflectance domain only the phase is significantly affected
by the ear canal (e.g. Eq. 2.8). Additionally, the dynamic range of the re-
flectance is much smaller than that of the impedance, typically spanning less
than 10 [dB], whereas the impedance may span 20 to 40 [dB] (1 to 2 or-
ders of magnitude). Due to the nature of the least squares procedure, small
magnitude data points of Z(ω) inadvertently receive less emphasis in the fit-
ting procedure than data points with larger magnitude. Thus, fitting to the
impedance may provide a better approximation to the low frequency data
(where the magnitude is large, as in Fig. 3.1b), but will yield a relatively
poorer fit in the mid-frequency region of the reflectance magnitude, where
individually varying minima and maxima occur for normal middle ears. To
characterize the reflectance for a given ear, it may be useful to capture these
fluctuations. Due to the smaller dynamic range of the reflectance, fitting the
data in the reflectance domain gives approximately equal weight to the error
across frequencies. Fitting 112 measurements over the 0.2 to 6 [kHz] range
in the reflectance domain, an average MSE of -33.4 [dB] (2.1% RMS relative
error with a standard deviation of 0.7%) is achieved with 12 poles for 18
iterations of the fitting algorithm. Fitting the data over a larger frequency
range typically requires more poles.
Considering all measurements from the Rosowski et al. [2012] and Naka-
jima et al. [2012] studies, it was found that reflectance domain fits usually
yield values of E (Eq. 3.2) that are close to zero. Typically, |E| is very small
for fits to both normal and pathological CAR measurements, on the order
of 10−5 for fits with Np < 20. For higher pole orders there is more variation
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in the value of |E|, which is to be expected as the number of fitting param-
eters increases. The fact that the average |E| values are similar for normal
and pathological data sets indicates that this is a property of reflectance
measurements and not a property of middle ear functionality. These results
suggest that E should be forced to zero when fitting in the reflectance do-
main, enforcing a relative pole-zero order of Np ≥ Nz. For most fits, forcing
E to be zero has a negligible effect on the error; often this effect may be
remedied by adding a few more poles. However, the average value of |D| is
on the order of 1 for fits with Np < 20. For instance, when fitting 112 mea-
surements of normal ears from Rosowski et al. [2012] with Np = Nz = 12,
the average magnitude of D is 0.8 with a standard deviation of 0.4. Thus,
it seems necessary to allow D to be non-zero when fitting in the reflectance
domain, resulting in a relative pole-zero order of Np = Nz. While it may not
be obvious, this is a significant conclusion due to the physical meaning of D,
as we will discuss in Section 7.2.
When the fitting procedure is performed in the reflectance domain, all fits
to Γ(ω) are stable (all poles are in the left half s-plane (LHP)) because sta-
bility is enforced by the algorithm (see Appendix A). However, when the fit
is transformed to the impedance domain by the relation in Eq. 2.3, stability
is not ensured. If E is allowed to be non-zero, out of the fits performed to 112
measurements of Γ(ω) over 0.2 to 6 [kHz] [Rosowski et al., 2012] with a -30
[dB] MSE tolerance, no fits are stable when transformed to the impedance
domain. With E forced to zero and all other conditions the same, 59 fits
are stable in the impedance domain. All of these fits are also minimum-
phase in the impedance domain, meaning that the zeros of Zˆ(s)/r0 reside
in the LHP as well as the poles, ensuring that both the impedance and ad-
mittance are causal and stable. Of the 53 remaining fits to Γ(ω) that are
unstable when transformed to the impedance domain, 46 have a single pole
of Zˆ(s)/r0 that lies on the real axis in the RHP causing the instability; that
pole has a mean value of σ/2pi = 17.8 [Hz], with a standard deviation of
12.2 [Hz]. Thus, for these 46 fits, the unstable pole is approximately at the
origin of the s-plane, characterizing the low frequency stiffness of Z(ω) for
a normal middle ear. The remaining 7 fits to Γ(ω) which are unstable in
the impedance domain have higher pole orders and may need more careful
attention during the fitting procedure (e.g. the data is noisy). Note that the
impedance should be minimum-phase, and it should also have the positive
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real property, Re{Z(ω)} ≥ 0 for all frequencies, assuming the system is pas-
sive [Brune, 1931]. Due to noise, some CAR measurements have |Γ(ω)| > 1,
corresponding to Re{Z(ω)} < 0 for some ω [Van Valkenburg, 1964]. Typi-
cally, all fits to these measurements will also have |Γˆ(jω)| > 1.
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Figure 3.4: An example of the Weiner factorization (Eq. 3.4), using the B&K
4157 pole-zero fit (Fig. 3.2a). (a) Poles and zeros of Γˆap(s), (b) poles and
zeros of Γˆmp(s). Note that by definition Γˆmp(s) has no poles or zeros in the
right half s-plane, thus the fit is completely described by northwest quadrant
of the s-plane (shown in (b)). All poles and zeros in (b) with non-zero ω/(2pi)
values have complex conjugates in the southwest quadrant, not shown.
3.4 Comparing Complex Fits
Considering the CAR instead of its magnitude re-introduces the problem of
comparing across measurements, because the residual ear canal introduces
uncontrolled variation in the complex response (due to varying probe-TM
distance, and canal area). This effect is difficult to extract, particularly be-
cause the limited high frequency range of the measurements does not allow
for a good estimate of any pure delay in the ear canal. Even though measure-
ments are available to 15 [kHz] for the Voss and Allen [1994] study, there is
high frequency noise in the data that makes it difficult to accurately estimate
the distance L from the probe to the TM (this point was previously made in
their 1994 publication).
Under the assumption that the ear canal is lossless, and the rest of the
middle ear system has loss, the reflectance may be factored such that the
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residual ear canal effect is approximately removed. Using the Weiner factor-
ization technique
Γˆ(s) = Γˆmp(s)Γˆap(s), (3.4)
where Γˆmp(s) is the minimum-phase component and Γˆap(s) is the all-pass
component of the pole-zero fit Γˆ(s), it is possible to preserve the magnitude
reflectance while removing variable residual canal delay.
By definition, it is required that all poles and zeros of a minimum-phase
function lie in the LHP. To construct the minimum-phase component Γˆmp(s),
we must factor a component out of Γˆ(s) that accounts for all zeros that lie in
the RHP (if the fit was performed in the reflectance domain, all poles will be
constrained to the LHP by the fitting algorithm). Let the function ΓˆLHP (s)
contain all the poles and zeros of Γˆ(s) that lie in the LHP; let Nz,RHP be
the number of RHP zeros of Γˆ(s), with values qi. The reflectance fit may be
factored as follows:
Γˆ(s) = ΓˆLHP (s)
Nz,RHP∏
i=1
(s− qi)
= ΓˆLHP (s)
Nz,RHP∏
i=1
(s− qi)(s+ q
∗
i )
(s+ q∗i )
=
[
ΓˆLHP (s)
Nz,RHP∏
i=1
(s+ q∗i )
]
︸ ︷︷ ︸
Γˆmp(s)
[
Nz,RHP∏
i=1
(s− qi)
(s+ q∗i )
]
︸ ︷︷ ︸
Γˆap(s)
. (3.5)
Considering Eq. 3.5, overlapping poles and zeros are introduced in the LHP
at s = −q∗i . Grouping the terms, a component with LHP poles and RHP
zeros symmetrically placed about the ω axis emerges. This is called the all-
pass component, because its magnitude |Γˆap(jω)| is 1 for all frequencies in the
fitting range; it passes all frequencies with no attenuation. The factorization
required to form the all-pass component is unique. The remaining terms
contain only poles and zeros in the LHP, and form the minimum-phase factor
Γˆmp(s). When working with poles and zeros, this factorization requires no
additional calculations.
An example of this factorization is shown in Fig. 3.4. Figure 3.4a shows
the all-pass component and Fig. 3.4b shows the minimum-phase component
of the reflectance fit shown in Fig. 3.2a (the B&K 4157). Note that Fig. 3.4b
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shows only the northwest quadrant of the s-plane. This style of plotting will
be used for all Γˆmp(s) results; though limited to one quadrant of the LHP, it
completely describes the set of poles and zeros for a given fit. By definition,
Γˆmp(s) only has poles and zeros in the LHP. Thus, a logarithmic σ axis
may be used for the LHP (northwest and southwest quadrants), on which
the large dynamic range of σ values may be more easily viewed. Because
the southwest quadrant contains only complex conjugates of the poles and
zeros in the northwest quadrant, it does not need to be shown. Considering
Fig. 3.2a, the zeros at b and b* correspond to the qi’s in Eq. 3.5. To factor
the fit, overlapping poles and zeros are introduced at -b* and -b, respectively;
the zeros are assigned to Γˆmp(s) (Fig. 3.4b), and the poles are assigned to
Γˆap(s) (Fig. 3.4a) along with the RHP zeros of Γˆ(s). Note how the poles and
zeros of Γˆap(s) are symmetrically placed about the ω axis, such that the poles
and zeros at b, b*, -b* and -b are constrained by both complex conjugation
and all-pass symmetry.
The minimum-phase and all-pass factors have the following properties:
|Γˆmp(jω)| = |Γˆ(jω)| (3.6)
|Γˆap(jω)| = 1 (3.7)
6 Γˆmp(jω) + 6 Γˆap(jω) = 6 Γˆ(jω). (3.8)
The reflectance magnitude is maintained in the minimum-phase component
of the fit, while the component of the reflectance that is uniformly lossless
across the frequency range of the fit, including any pure delay, is accounted
for in the all-pass component. Because the factors are multiplied, their phases
add.
Assuming negligible losses in the ear canal, we may approximate the resid-
ual ear canal contribution to the reflectance as the all-pass component Γˆap(s).
In some cases, the all-pass component of the factorization has an approxi-
mately linear phase (constant group delay), resulting in a robust estimate Lˆ
of the ear canal length according to Eq. 2.8. From this equation, the constant
group delay may be calculated as
τap(ω) = −dφap(ω)
dω
≈ 2Lˆ
c
, (3.9)
where φap(ω) is the phase of Γˆap(jω). If τap(ω) is frequency dependent, a
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frequency independent delay may be estimated by taking its minimum over
the measured frequency range. When Γˆap(s) gives a good approximation to
the residual ear canal component of the reflectance,
Γˆmp(s) ≈ ΓTM(s). (3.10)
Thus, from this factorization it is possible to estimate the normalized TM
impedance using Eq. 2.3,
ZˆTM(s)
r0
=
1 + Γˆmp(s)
1− Γˆmp(s)
. (3.11)
When the approximate residual ear canal contribution has been removed,
the magnitude TM impedance |ZˆTM(jω)|/r0 typically has no high frequency
notch due to ear canal standing waves. In the case of a uniform ear canal area
A(x), the TM impedance estimate is similar to the ‘propagated impedance’
function described by Voss and Allen [1994], calculated by removing a pure
delay from the reflectance.
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CHAPTER 4
POLE-ZERO CHARACTERIZATION OF
MIDDLE EAR CAR DATA
The factorization of CAR pole-zero fits into their all-pass and minimum-
phase components is examined in the following sections. This factorization
is intended to characterize the residual ear canal effect on individual CAR
measurements, in order to enable comparison of complex pole-zero fits across
ears. Residual canal lengths estimated from the all-pass characterization are
presented to support this approximation. Finally, the sensitivity of individual
poles, zeros, and pole-zero pairs is examined in order to show how pole-
zero locations of the minimum-phase component of the CAR characterize
the reflectance magnitude. This analysis provides intuition for the pole-zero
representation of CAR data.
4.1 Factorization of Γˆ(s)
An example factorization is shown in Fig. 4.1 for a normal ear, subject #7
of Voss and Allen [1994]. The fit was performed in the reflectance domain
over 0.1 to 10 [kHz], yielding Np = 18 and Nz = 18 with a MSE of −31.9
[dB]; approximately overlapping pole-zero pairs at ω/(2pi) ≈ 7.5 [kHz] and
ω/(2pi) ≈ 9 [kHz] were removed, yielding a MSE of −31.5 [dB] and Np = 14
and Nz = 14. Figures 4.1a and 4.1b show the poles and zeros of the all-pass
and minimum-phase components of Γˆ(s), similar to Figs. 3.4a and 3.4b. Note
again how the poles and zeros of Γˆap(s) (Fig. 4.1a) are symmetrically placed
about the ω axis, such that the zero labeled a has a symmetrical counterpart
at -a*, and the poles and zeros at f, f*, -f* and -f are constrained by both
complex conjugation and all-pass symmetry. Considering Fig. 4.1b, the pole-
zero pairs labeled b, c, d and e correspond in frequency (f = ω/(2pi)) to
minima of the magnitude reflectance, as labeled in Fig. 4.1c. The first pair,
labeled b, is located at about 1 [kHz], corresponding to the first minimum
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of the magnitude reflectance. This is similarly located to the pole-zero pair
at a in Fig. 3.4b, which corresponds to the first minimum of the B&K 4157
magnitude reflectance in Fig. 3.1a; it is aligned with the low frequency edge
of the broad minimum in |Γ(ω)| for average normal ears. While the B&K
4157 reflectance fit has an approximately flat magnitude from 1 to 4 [kHz]
and has no more pole-zero pairs in this region, the reflectance fit for Voss
and Allen subject #7 has closely spaced pole-zero pairs at c, d and e that
correspond to the individually varying minima and maxima of the reflectance
magnitude in that frequency region.
The total phase and the phases of the all-pass and minimum-phase com-
ponents of the reflectance fit are shown in Fig. 4.1d. The phase of Γˆap(jω)
appears linear, while the phase of Γˆmp(jω) appears flatter than 6 Γˆ(jω), mean-
ing it contains less delay from the residual ear canal. This is apparent in the
group delay as well, shown in Fig. 4.3a for the reflectance fit and its all-pass
and minimum-phase components. The group delay of the all-pass component
of the reflectance appears constant, with a value equal to the gap between
the curves for the original reflectance fit and its minimum-phase component.
Because the phase of the all-pass component is approximately linear (its
group delay is approximately constant), the canal delay may be estimated
by Eq. 3.9. For subject #7 [Voss and Allen, 1994], the group delay of Γˆap(jω)
has a mean value across frequency of τ¯ap = 40.4 [µs], with a standard de-
viation of 0.5 [µs]. Taking Lˆ = τ¯apc/2 with c = 350 [m/s], the estimated
residual canal length Lˆ is 7.1 [mm]; taking min(τap) = 38.9 [µs], the esti-
mated length is 6.8 [mm]. These are reasonable estimates, given that Voss
and Allen estimate the length of the foam plug plus probe at 15 [mm], and
the typical total ear canal length between the opening and center of the TM
is about 23.5 [mm] [Fletcher, 1925]. The TM impedance and phase are shown
in Figs. 4.1e and 4.1f. Removing the all-pass component from the reflectance
fit Γˆ(s) removes the deep notch in the impedance magnitude (|ZˆTM(jω)|/r0
does not have a high frequency notch), and causes the impedance phase to
have no jump at the |Z(ω)| notch frequency.
A second example factorization is shown in Fig. 4.2. This is cadaver ear
12R from the Voss et al. [2012] study, in its normal (unmodified) state. The
fit was performed in the reflectance domain over 0.2 to 6 [kHz], yielding
Np = 12 and Nz = 12 with a MSE of −35.8 [dB]. Figures 4.2a and 4.2b show
the poles and zeros of the all-pass and minimum-phase components of Γˆ(s).
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Figure 4.1: Factored reflectance fit for subject #7 from Voss and Allen [1994].
(a) Poles and zeros of Γˆap(s), (b) poles and zeros of Γˆmp(s), (c) reflectance
magnitude, (d) reflectance phase, (e) impedance magnitude, (f) impedance
phase. Note that Γˆmp(s) has no poles or zeros in the right half s-plane, thus
it is completely described by northwest quadrant of the s-plane. The fit was
performed in the reflectance domain over 0.1 to 10 [kHz], yielding Np = 14
and Nz = 14 with a MSE of −31.5 [dB].
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Figure 4.2: Factored reflectance fit for cadaver ear 12R from Voss et al.
[2012]. (a) Poles and zeros of Γˆap(s), (b) poles and zeros of Γˆmp(s), (c)
reflectance magnitude, (d) reflectance phase, (e) impedance magnitude, (f)
impedance phase. Note that Γˆmp(s) has no poles or zeros in the RHP, thus
it is completely described by northwest quadrant of the s-plane. The fit was
performed in the reflectance domain over 0.2 to 6 [kHz], yielding Np = 12
and Nz = 12 with a MSE of −35.8 [dB].
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Considering Fig. 4.2b, the pole-zero pairs labeled b, c, d and e correspond in
frequency to minima of the magnitude reflectance labeled in Fig. 4.2c. The
pole-zero pair labeled b is located at ω/(2pi) = 1 [kHz], corresponding to the
first minimum of the fit, |Γˆ(jω)|, (similar to Voss and Allen subject #7 and
the B&K 4157 ear simulator), and the pole-zero pairs at c and d correspond
to the individually varying minima and maxima in the mid-frequency region
of the magnitude reflectance. The pole-zero pair at a seems to correspond to
a small bend in the reflectance below 1 [kHz]; presumably, it has a smaller
effect on |Γˆ(jω)| because it has more damping than the pairs at b and c, and
the pole and zero are closer to overlapping than the pair at d. The tightly
spaced pair labeled e corresponds to a small dip in a noisy region of the
magnitude reflectance between 5 and 6 [kHz].
The total phase and the phases of the all-pass and minimum-phase com-
ponents of the reflectance fit are shown in Fig. 4.2d for ear 12R from Voss
et al. [2012]. Here the all-pass component phase 6 Γˆap(jω) appears to have
a frequency dependent delay. Considering Figs. 4.2e and 4.2f, neither the
approximated TM impedance ZˆTM(jω)/r0 nor the data Z(ω)/r0 show a
standing wave notch in the magnitude impedance, or a jump in the phase
at high frequencies. This behavior is indicative of a very short ear canal
distance between the probe tip and the TM. The magnitude TM impedance
|ZˆTM(jω)|/r0 is relatively large at high frequencies in comparison with Fig. 4.1e;
however, this seems plausible because the magnitude reflectance of the ca-
daver ear (Fig. 4.2c) is much closer to 1 at high frequencies than the magni-
tude reflectance of the normal ear (Fig. 4.1c, Voss and Allen subject #7).
Unlike measurements made in vivo, CAR measurements of cadaver ears
typically have a much shorter residual ear canal, due to the nature of the
preparation. For this ear, the group delay of the reflectance all-pass compo-
nent, shown in Fig. 4.3b, is not constant. For Voss et al. [2012] ear 12R the
mean group delay is 34.0 [µs] over the entire frequency range of the fit, with
a standard deviation of 12.2 [µs]. Instead, a frequency independent group
delay, estimated as the minimum value of the group delay of Γˆap(jω) over the
0.2 to 6 [kHz] range (min(τap) = 21.7 [µs]), yields the estimate Lˆ ≈ 3.8 [mm].
This is short compared to Lˆ for the in vivo measurement in the preceding
example, which makes sense given the measurement conditions for cadaver
ears. Variation of the all-pass group delay with frequency may be accounted
for by non-uniform area of the ear canal, or lossless mass-stiffness properties
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Figure 4.3: Group delay of the fit Γˆ(s), and its factors Γˆmp(s) and Γˆap(s).
(a) Voss and Allen [1994] subject #7, (b) Voss et al. [2012] cadaver ear 12R
(‘normal’ unmodified state). In (a), Γˆap(s) has an approximately constant
group delay; in (b), Γˆap(s) has a frequency dependent group delay.
of the TM and middle ear. The TM in particular may contribute a significant
amount of lossless delay [Puria and Allen, 1998, Parent and Allen, 2010].
Estimating the residual ear canal length from the all-pass factor of the
reflectance fit, the probe-TM distance for the B&K 4157 and DB-100 ear
simulators are estimated to be 7.6 [mm] and 2.3 [mm], respectively. Consid-
ering Fig. 3.1, these results are reasonable, and agree with the observations
made in Section 3.1. While the B&K 4157 shows large residual canal effects
in the magnitude impedance and reflectance phase, the DB-100 does not.
With a shorter probe-TM distance, the standing wave impedance notch for
the DB-100 would be at a higher frequency than that for the B&K 4157,
outside of the range shown. Additionally, the shorter canal of the DB-100
simulator requires the probe tip to be much closer to the middle ear (TM)
for a good acoustic seal.
Finally, it is of note that the all-pass factors Γˆap(s) in Figs. 3.4a, 4.1a,
and 4.2a bear some resemblance to the equal order Pade´ approximation of
a pure delay, e−jωτ . In Serwy [2012], it is shown that the equal order Pade´
approximation of a pure delay gives rise to poles and zeros that are symmet-
rically placed about the jω axis, in an oval-like formation centered at the
origin (where all poles are in the LHP, all zeros are in the RHP, and the
poles and zeros have conjugate symmetry). This rounded configuration is
particularly apparent in Fig. 4.1a, where the pole and zero on the real axis
have larger |σ| values than the other poles and zeros. This configuration
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indicates that Γˆap(s) may be related to a pure delay. In fact, considering
the approximately constant τap(ω) in Fig. 4.3a, it is clear that the all-pass
component shown for Voss and Allen [1994] subject #7 in Fig. 4.1a must
represent an approximately pure delay.
4.2 Estimating the Residual Canal Length
Factoring the reflectance fit into its all-pass and minimum-phase components
according to Eq. 3.4, it appears that for most fits the ear canal is approxi-
mately accounted for. Using the approximation in Eq. 3.11, the estimated
eardrum impedance typically shows no high frequency ‘standing wave’ notch
due to reflections between the probe tip and the eardrum. At the very least,
the minimum-phase component Γˆmp(s) preserves the magnitude reflectance.
Considering the all-pass component of the reflectance, the length of the
residual ear canal is estimated via
Lˆ = min
ω
[
− d
dω
[
6 Γˆap(jω)
]]
× c
2
, (4.1)
which is equal to min(τap) for all frequencies in the fitting range. For an ear
canal of uniform area, the all-pass component group delay may be approx-
imately constant across frequency as in Eq. 3.9. However, because the ear
canal typically has a non-uniform area between the probe tip and eardrum,
it is necessary to estimate the frequency-independent delay by taking the
minimum across frequencies. For the estimates presented here c = 350 m/s,
which is the approximate speed of sound at body temperature.
Table 4.1 shows the residual ear canal lengths estimated by this proce-
dure for the ears and simulators measured by Voss and Allen [1994], along
with the length estimates used by Voss and Allen to calculate an ‘advanced
impedance.’ Voss and Allen mention that these lengths are somewhat arbi-
trarily chosen, such that when a pure delay was removed the reflectance phase
remained between 0 and 2pi. To estimate the canal lengths using Γˆap(s), the
CAR measurements were fit over a range of 0.1 to 8.2 kHz; these fits had an
average RMS relative error of 2.3%, and 6 to 14 poles (with an equal number
of zeros). Depending on the frequency range of fitting and the goodness of
fit, residual canal length estimates may vary. For instance, when the Voss
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Table 4.1: Estimated residual canal lengths between the probe tip and
eardrum for 10 normal ears and 2 ear simulators from Voss and Allen [1994].
The estimates made by Voss and Allen were determined by removing pure
delay from the data, keeping the reflectance phase between 0 and 2pi. The
estimates made in this study were calculated via Eq. 4.1.
Subject Lˆ [mm] Lˆ [mm] ∆ [mm]
(V&A ’94) (this study)
1 10.0 8.7 1.3
2 12.0 7.4 4.6
3 5.5 4.9 0.6
4 5.875 10.4 4.525
5 3.0 1.8 1.2
6 0 0.2 0.2
7 8.0 8.7 0.7
8 8.0 6.7 1.3
9 7.0 8.1 0.9
10 7.0 3.4 3.6
DB-100 2.0 2.3 0.3
B&K 4157 8.0 7.6 0.4
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Figure 4.4: Histogram (bin width = 1.30 mm) of estimated residual canal
lengths between the probe tip and eardrum for 54 ears from Rosowski et al.
[2012]. These estimates were calculated via Eq. 4.1. These estimated lengths
are within a reasonable range given the probe configuration in the ear canal.
and Allen [1994] subject #7 measurement is fit over 0.1 to 10 [kHz], Lˆ is
estimated to be 6.8 [mm] (Section 4.1) instead of 8.7 [mm] (Table 4.1). Thus
it seems that the broader the frequency range over which Lˆ is estimated, the
more conservative the estimate is likely to be. Results may also differ based
on the parameters of the fit, such as the number of poles, Np.
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In many cases, these estimates seem to remove the ear canal effect (impedance
standing wave), or significantly reduce it. Voss and Allen estimated their
probe to be 15 mm in length, while the typical total ear canal length is
about 23.5 mm [Fletcher, 1925]. Thus, the canal length estimates shown in
Table 4.1 for both studies are reasonable, considering that the canal may vary
in length, and that the back of the probe may or may not be flush against
the ear canal opening.
Figure 4.4 shows a histogram of residual canal lengths estimated via Eq. 4.1
for 54 normal ears from the Rosowski et al. [2012] study. Considering that the
probe tip is comparable in length to that used in the Voss and Allen [1994]
study, these lengths are also reasonable. The CAR measurements were fit
over a range of 0.2 to 6 kHz; these fits had an average RMS relative error of
2.5%, and 8 to 14 poles (with an equal number of zeros). Of the missing four
ears, two measurements were not included in the data we received, and two
measurements were too noisy to yield acceptable pole-zero fits.
4.3 Sensitivity Analysis of Pole-Zero Fits
Figures 4.5 and 4.6 show data and pole-zero fits of four reflectance mea-
surements of ears with varying middle ear conditions (one normal + three
pathologies). Figure 4.5 shows a reflectance summary including the magni-
tude reflectance (Fig. 4.5a) and absorbance level (Fig. 4.5b), while Fig. 4.6
shows a sensitivity analysis of various poles and zeros for each measurement.
These poles and zeros were chosen to help the reader develop an intuition for
the effect of pole-zero locations on the magnitude response. This exercise is
meant as a tour of the pole-zero fits for various pathologies; two poles, zeros,
or pole-zero pairs are chosen for each pathology, but any poles and zeros of
the fit could be analyzed in this way.
Figure 4.6 is comprised of four subplots. In each subplot, the left panel
shows two sensitivity analyses of poles and zeros from the right panel; dif-
ferent analyses are color-coded in red and blue. These color-coded regions
display ratios of a modified magnitude reflectance fit to the original |Γˆmp(jω)|,
shown in Fig. 4.5a for each of the four measurements, as a function of fre-
quency; the frequency axes of the left and right panels in each subplot are
vertically aligned. For each sensitivity analysis, the reflectance is modified
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Figure 4.5: Magnitude reflectance and absorbance level of one normal and
three pathological ears. (a) Magnitude reflectance |Γ(jω)|, (b) absorbance
level 10 log10(1− |Γ(jω)|2) [dB]. The gray region shows normative data from
the Rosowski et al. [2012] study of normal ears (±1 standard deviation).
The black dots and lines show the raw data and fit for normal ear 22L from
Rosowski et al. [2012]. The orange, purple, and green dots and lines show
the data and fit for stapes fixation ear 62L, ossicular discontinuity ear 28L,
and SSCD ear 52L from Nakajima et al. [2012].
by shifting the color-coded pole, zero, or pole-zero pair of Γˆmp(s) by 10% of
its value on the s plane; pole-zero pairs are shifted as a unit about their two-
dimensional centers. Sensitivity regions show the minimum and maximum
values of the ratio
RΓ(ω) =
|Γˆmp(s+ (s))|s=jω
|Γˆmp(s)|s=jω
(4.2)
out of 1000 shifts of the chosen pole, zero, or pair (sk) by
(s) =
0.1
∣∣∣ 1N ∑Nk=1 sk∣∣∣ejΘ for s = sk
0 else,
(4.3)
where Θ is a random variable uniformly distributed between −pi and pi.
A sensitivity analysis is presented in Fig. 4.6 for a normal ear (Fig. 4.5
black, Fig. 4.6a) from Rosowski et al. [2012] and for three pathological ears
from Nakajima et al. [2012]. A representative measurement has been chosen
for each pathology examined in that study, including stapes fixation (Fig. 4.5
orange, Fig. 4.6b), ossicular discontinuity (Fig. 4.5 purple, Fig. 4.6c), and
SSCD (Fig. 4.5 green, Fig. 4.6d).
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4.3.1 Normal Ear
Consider the normal ear measurement shown in Fig. 4.5, ear 22L of the
Rosowski et al. [2012] study of normal ears. This fit was performed on
reflectance domain data with E forced to zero, achieving a MSE of -35.6
[dB] with 12 poles and 12 zeros. The resulting poles and zeros of Γˆmp(s) are
shown in Fig. 4.6a (right). The magnitude reflectance |Γˆmp(jω)| = |Γˆ(jω)| is
plotted in Fig. 4.5a (black). Normative data, showing ±1 standard deviation
for 112 measurements of normal ears [Rosowski et al., 2012], is plotted as the
shaded gray region in Figs. 4.5a and 4.5b; ear 22L falls within this normal
region.
Considering Fig. 4.6a (left), the red shaded region shows a sensitivity anal-
ysis of the pole-zero pair labeled a at about 900 [Hz] (close to 1 [kHz]), and
the blue region shows a sensitivity analysis of the pole-zero pair labeled b
at 2.5 [kHz]. These pole-zero pairs were analyzed because they lie in the
mid-frequency region, where normal ears show individually varying minima
and maxima of the magnitude reflectance. Note that the frequency axis of
the sensitivity plot is aligned with that of the pole-zero plot for comparison.
According to Fig. 4.6a (left), the reflectance magnitude is only significantly
affected by variations of the pair location in the frequency neighborhood
where each pair resides. This indicates that the exact location and curvature
of the minima and maxima in those frequency regions are determined by the
corresponding pole-zero pairs.
Thus, the individually varying fine-structure minima and maxima in the 1
to 5 [kHz] range [Allen et al., 2005, Rosowski et al., 2012] seem to be char-
acterized primarily by closely-associated pole-zero pairs in that frequency
range. Identifying the pole-zero behavior that characterizes the variation of
normal ears will allow for better detection of abnormal reflectance measure-
ments. Additionally, the pole-zero pair located close to 1 [kHz] corresponds
to the first minimum of |Γˆ(jω)| and the ‘breakpoint’ of the power absorbance
(Fig. 4.5b), between the low-frequency ramp and the flat region. Based upon
the pole-zero fits for this ear, the B&K 4157 (Fig. 3.4b), Voss and Allen [1994]
subject #7 (Fig. 4.1b), and Voss et al. [2012] cadaver ear 12R (Fig. 4.2b),
it seems that Γˆmp(s) for normal ears will typically have pole-zero pair near
1 [kHz], characterizing the breakpoint of the absorbance level (and the first
minimum of the magnitude reflectance).
42
4.3.2 Stapes Fixation
The orange fit curve and data points in Figs. 4.5a and 4.5b show an example
CAR measurement (patient ear 62L, Nakajima et al. [2012]) for a patient with
confirmed stapes fixation due to otosclerosis, in the presence of an intact TM
and aerated middle ear. The reflectance domain fit has Np = 10, Nz = 10,
and a MSE of -40.3 [dB]. The absorbance level (Fig. 4.5b) and magnitude
reflectance (Fig. 4.5a) for this ear fall significantly outside of the normative
regions.
Stapes fixation due to otosclerosis is best characterized by an increased
middle ear stiffness [Feeney et al., 2003, Allen et al., 2005, Nakajima et al.,
2012]. This typically results in an elevated reflectance magnitude at low
frequencies, corresponding to a right shift of the low-frequency sloping region
of the absorbance level [Allen et al., 2005]. This behavior is apparent in
Fig. 4.5b, where the absorbance level curve for ear 62L is significantly shifted
to the right of the normative region below 2 [kHz]. The sensitivity plot
in Fig. 4.6b (left) analyzes low frequency singularities, due to the unusual
behavior of the magnitude reflectance at low frequencies.
The red region of Fig. 4.6b (left) shows a sensitivity analysis of the pole
labeled c on the real axis of Γˆmp(s), closest to the origin. This pole was chosen
because it has the least damping, thus the strongest effect on the reflectance,
and the magnitude reflectance is higher (has a more pole-like behavior) at
low frequencies. The movement of this pole affects the magnitude reflectance
at low frequencies up to about 2 [kHz]. Moving this pole towards the origin
strengthens its effect, increasing the magnitude reflectance at low frequencies,
and moving it away from the origin will decrease the magnitude reflectance
at low frequencies. The blue region shows the sensitivity analysis for the
pole-zero pair labeled d at about 1.75 [kHz]. This pair was chosen because
it is the first pole, zero, or pair occurring in frequency off the σ axis, when
we would expect to see a pole-zero pair at about 1 [kHz] for a normal ear.
While its largest effect occurs in the frequency neighborhood where the pair
resides, movement of this pole-zero pair also affects the magnitude reflectance
at low frequencies. This pair appears to characterize the breakpoint of the
absorbance level (and perhaps also, in part, its slope) for this pathological
ear. For normal ears, this breakpoint occurs significantly lower in frequency,
around 1 [kHz], as discussed in Section 4.3.1.
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4.3.3 Ossicular Discontinuity
The purple fit curve and data points in Figs. 4.5a and 4.5b show an example
CAR measurement (patient ear 28L, Nakajima et al. [2012]) for a patient
with confirmed ossicular discontinuity, in the presence of an intact TM and
aerated middle ear. The reflectance domain fit has Np = 10, Nz = 10,
and a MSE of -31.3 [dB]. The absorbance level (Fig. 4.5b) and magnitude
reflectance (Fig. 4.5a) for this ear also fall outside the normative regions, but
the nature of this variation is quite different from that due to stapes fixation.
Ossicular discontinuity typically causes a narrow-band, tuned resonance in
the magnitude reflectance between 0.5 and 0.8 [kHz] [Nakajima et al., 2012].
This is visible in the case of ear 28L, which has a deep notch in the reflectance
magnitude at about 700 [Hz] and a corresponding elevated absorbance level in
that frequency region. The absorbance level does not have a normal break-
point at 1 [kHz]. The poles and zeros of Γˆmp(s) correspondingly show an
abnormal behavior in this range. In this case of ossicular discontinuity there
are poles and zeros near 1 [kHz], but they are not tightly paired. Hence, the
pole and zero closest in frequency to 1 [kHz] are analyzed.
Figure 4.6c (left) shows a sensitivity analysis of the poles and zeros close
to 1 [kHz]. The red region indicates that the zero labeled e near 700 [Hz]
characterizes the deep notch in the magnitude reflectance. The magnitude
reflectance is very sensitive to the location of this zero, experiencing sharp
relative dips when it is moved higher or lower in frequency. It makes sense
that this zero has a large effect on the magnitude response, because it has a
very small σ value compared to the other poles and zeros of Γˆmp(s). The blue
region shows the sensitivity of the magnitude reflectance to the pole labeled f
at 1 [kHz]. Not only does this pole affect the magnitude reflectance in the 1
[kHz] region (where the magnitude reflectance is higher than average), but it
has a significant effect on the magnitude reflectance for all frequencies below
2 [kHz].
4.3.4 Superior Semicircular Canal Dehiscence (SSCD)
The green fit curve and data points in Figs. 4.5a and 4.5b show an example
CAR measurement (patient ear 52L, Nakajima et al. [2012]) for a patient
with confirmed SSCD, in the presence of an intact TM and aerated middle
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ear. The reflectance domain fit has Np = 12, Nz = 12, and a MSE of -34.3
[dB]. The absorbance level (Fig. 4.5b) and magnitude reflectance (Fig. 4.5a)
for this ear fall slightly outside of the normative regions around 1 [kHz].
SSCD typically shows a similar variation from normal to that caused by
ossicular discontinuity, though not as extreme [Nakajima et al., 2012]. In
Fig. 4.5a there is an abnormally deep minimum in the magnitude reflectance
at 1 [kHz], corresponding to a slight elevation of the absorbance level at that
frequency (Fig. 4.5b), relative to the normal middle ear region. Comparing
this with the purple curve for ossicular discontinuity, the effect is similar
but not as pronounced, and the notch occurs in a slightly higher frequency
range. Because the variation in the magnitude reflectance is observed at low
frequencies around 1 [kHz], the sensitivity of poles and zeros in that region
is analyzed.
Figure 4.6d (left) shows the sensitivity analysis for the pole-zero pairs at
500 [Hz] and 1 [kHz] in Fig. 4.6d (right). The red region of Fig. 4.6d (left)
shows the effect of the pole-zero pair labeled g at 500 [Hz] on the magnitude
reflectance. This pair was selected because it lies between the σ axis and the
normal 1 [kHz] pair location. Shifting this pole-zero pair causes a variation
in the reflectance magnitude around that frequency. However, the effect is
not very pronounced; the pole and zero are very close together, and appear
to be fitting a small noise peak. In fact, this effect is so small compared to
the effect of the 1 [kHz] pole-zero pair, that the red region is hard to see.
The blue region shows that shifting the pole-zero pair h at 1 [kHz] causes
large variations of the magnitude reflectance in that frequency neighborhood.
Notice that the zero of this pair has a significantly smaller σ value than
the pole, increasing its relative effect on the reflectance. This zero and its
distance from the pole affect the depth of the minimum in the magnitude
reflectance at 1 [kHz]. This pole-zero pair also characterizes the nature of
the breakpoint in the absorbance level between the initial slope and the flat
region. Considering the pole-zero pairs near 1 [kHz] found for normal ears in
this paper (Figs. 3.4b, 4.1b, 4.2b and 4.6a (right)), the abnormal depth of the
1 [kHz] notch in the SSCD magnitude reflectance could be due to nuances
of the location of its 1 [kHz] pair, such as damping and relative distance
between the pole and zero.
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CHAPTER 5
RESULTS FOR NORMAL AND
PATHOLOGICAL DATA SETS
Characteristics of pole-zero fits to larger sets of normal and pathological
CAR data were studied in order to determine features that might be useful
for classification and modeling. Normal middle ear CAR measurements were
drawn from Voss and Allen [1994], while pathological measurements for ears
with stapes fixation, ossicular discontinuity, and SSCD were drawn from
Nakajima et al. [2012]. Each of these data sets is analyzed in its entirety,
in order to examine patterns across pole-zero fits to measurements of middle
ears in similar conditions.
5.1 Normal Ears
Recall from Section 2.3 that the magnitude reflectance of normal middle ears
is close to one at low frequencies, has a broad minimum from about 1 to
4 [kHz], then rises again at high frequencies. The absorbance level has a
corresponding rising slope below 1 [kHz], a relatively flat region between 1
and 4 [kHz], and a roll-off at high frequencies. Normal ears typically have
individually varying fine-structure minima and maxima in the 1 to 4 [kHz]
range of the magnitude reflectance [Rosowski et al., 2012]; this variation
corresponds to a small decibel range of the absorbance level [Allen et al.,
2005]. In Section 4.3.1, it was observed that the normal ear measurements
(N=3 human ears) on which we performed pole-zero fits tended to have
a pole-zero pair in the reflectance fit Γˆmp(s) at about 1 [kHz], as did the
pole-zero fit of the B&K 4157 middle ear simulator. This corresponds in
frequency to the typical location of the first minimum of the magnitude
reflectance, or the breakpoint between the low-frequency slope and flat region
of the absorbance level. The normal ear measurements also had other closely-
placed pole-zero pairs between 1 and 4 [kHz], though the B&K 4157 simulator
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did not. Here the entire data set from the Voss and Allen [1994] study is
examined.
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Figure 5.1: Reflectance summary for the ten human ears and two ear sim-
ulators (the B&K 4157 and the DB-100, shown in Fig. 3.1) from Voss and
Allen [1994]. (a) Reflectance magnitude, (b) absorbance level [dB]. Pole-zero
fits for these ears are shown in Fig. 5.2.
Figure 5.1 shows a reflectance summary for ten human ears and two ear
simulators (the B&K 4157 and the DB-100, shown in Fig. 3.1) from Voss
and Allen [1994]. Again, it is clear in Fig. 5.1a that magnitude reflectance
of normal middle ears has individually varying minima and maxima in the
1 to 4 [kHz] (mid-frequency) range, while this region is much smoother for
artificial ears; this is because the ear simulators are each designed to represent
an average normal ear. The corresponding absorbance for these ten normal
ears and two simulators is plotted in Fig. 5.1b; considering the absorbance,
the individual variation of normal ears in the 1 to 4 [kHz] range is condensed
to a < 5 [dB] range.
Figure 5.2 shows pole-zero plots of Γˆmp(s) (the approximate reflectance at
the eardrum) for the DB-100 and B&K 4157 coupler and for the ten Voss and
Allen [1994] normal ears shown in Fig. 5.1. Considering the pole-zero plots
of Γˆmp(s) for the ear simulators (lower right side of Fig. 5.2), the simulators
both have poles and zeros on the real axis, a pole-zero pair at about 1 [kHz]
corresponding to the first minimum of the magnitude reflectance (and the
breakpoint of the absorbance), and another, more widely-spaced pair fitting
the high-frequency behavior of the response. The magnitude reflectance of
the B&K 4157 shows a distinct minimum at 1 [kHz], while that of the DB-100
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has a slight bend below 1 [kHz] and a minimum between 1 and 2 [kHz]. The
pole-zero plots reflect this difference, as the pole and zero of the B&K 4157
near 1 [kHz] appear at approximately the same ω/(2pi) frequency value, while
the pole-zero pair near 1 [kHz] for the DB-100 is slightly offset in frequency.
Examining the pole-zero plots of Γˆmp(s) shown in Fig. 5.2 for ten CAR mea-
surements of normal ears, many ears (1, 2, 3, 5, 7, 9 10) show a pole-zero pair
near 1 [kHz], where the pole and zero are very close in frequency (ω/(2pi)).
For ears 6 and 8, there is pole zero activity near 1 [kHz], though there are
not distinct pairs aligned in frequency; this sort of behavior better resembles
the frequency-offset 1 [kHz] pair of the DB-100 than the frequency-aligned 1
[kHz] pair of the B&K 4157. Ear 4 has a downward sloping magnitude re-
flectance with small bends in it from 1 to 3 [kHz], with no defined minimum
near 1 [kHz], thus it seems to have no distinct pole-zero pair near 1 [kHz].
Unlike the ear simulators, the normal ears also have many poles and zeros
in the mid-frequency range, from about 1 to 4 [kHz] (or higher). All ears have
at least one closely-placed pole zero pair between 1 and 5 [kHz]. Subjects 1, 2,
3, 7, 9, and 10 have particularly cleanly paired poles and zeros, corresponding
to fine-structure minima and maxima of the reflectance magnitude. If a pair
is almost completely overlapping, it typically corresponds to a very small
minimum or maximum, often a noise peak. Widely-spaced pairs tend to fit
larger minima and maxima.
For the eventual goal of automated detection and classification of patholo-
gies, it is important to understand the effect of the individual variation of
normal ears on pole-zero fits to CAR measurements. Considering these mea-
surements, it appears that the presence of a pole-zero pair near 1 [kHz] is
typical of normal ears; its absence or drastic change in frequency location
might be an indication of a middle ear pathology. However, these subjects
have a lot of variation of pole-zero locations in the mid-frequency region,
which is not due to middle ear pathology. More data must be analyzed in
order to thoroughly identify this region and the constraints on poles and
zeros within it (e.g. the distance between poles and zeros), but if variation
in this region can be isolated and identified as ‘normal’ it will enable better
detection of variations due to true middle ear pathologies.
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5.2 Stapes Fixation
As previously stated, stapes fixation due to otosclerosis is characterized by
an increased middle ear stiffness at low frequencies due to the ossification
of the stapes bone; this results in an elevated reflectance magnitude at low
frequencies. A simple model of this stiffness is presented here, and ears with
stapes fixation are compared to normal middle ears.
Consider the estimated eardrum impedance ZˆTM(s) (Eq. 3.11). At low
frequencies, the impedance will be stiffness dominated according to
ZTM ∼ 1
sC
, (5.1)
where C is the compliance, which is inversely proportional to the stiffness (as
discussed in Section 2.3). In this expression, there is a pole at s = 0, with
a residue equal to 1/C. In the pole-zero fits, there is typically not a pole
of ZˆTM(s) exactly at s = 0; rather, a pole will appear very close to s = 0
on the real axis. For each fit we may estimate the low-frequency compliance
C of ZTM by taking the inverse of the residue corresponding to the pole of
ZˆTM(s) that lies closest to s = 0.
Figure 5.3a shows the absorbance level for 13 ears with stapes fixation due
to otosclerosis from Nakajima et al. [2012], in comparison with the normative
distribution from Rosowski et al. [2012]. In general, stapes fixation causes
a right shift of the low frequency ramp and breakpoint of the absorbance
level due to the increased stiffness of the middle ear system, as discussed in
Section 4.3.2. However, the effect is not as pronounced for all stapes fixation
ears as it is for ear 62L, shown in Figs. 4.5 and 4.6b. In fact, roughly half
of the ears with stapes fixation seem to fall within the normal range, or just
outside of 1 standard deviation.
Figure 5.3b shows a histogram of log10(C) values, where C is the compli-
ance from Eq. 5.1, estimated for 54 normal ears from Rosowski et al. [2012]
and for the 13 ears with stapes fixation from Nakajima et al. [2012]. There
were 14 ears in the original study, but one ear was missing from the data
we received. Considering Fig. 5.3, the majority of the ears with stapes fix-
ation lie on the far left side of the distribution, meaning that they have the
smallest compliance values (greatest stiffness), as might be expected for this
pathology.
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Figure 5.3: Comparison of 54 normal ears [Rosowski et al., 2012] and 13
ears with stapes fixation due to otosclerosis [Nakajima et al., 2012]. (a)
Absorbance level, (b) histogram of the base-10 logarithm of the estimated
compliance C (Eq. 5.1) at the eardrum (bin width = 0.23). The ears with
stapes fixation are generally less compliant (stiffer) than normal ears.
This result, based on physical intuition and modeling, indicates that this
compliance parameter of the pole-zero fit may vary systematically from nor-
mal in the presence of stapes fixation due to otosclerosis, and may be used for
modeling and detecting this pathology. Though the distributions in Fig. 5.3
overlap, meaning that the compliance parameter may not necessarily be used
for a standalone diagnosis, it might be used in combination with other mea-
surements in order to detect stapes fixation. Considering that many of the
ears with stapes fixation fall in or near the normal region of the low frequency
ramp of the absorbance in Fig. 5.3a, it is not surprising the perfect separa-
tion of the distributions is not achieved when modeling the low frequency
compliance of the impedance.
For reference, a complete acoustic summary and pole-zero fit is shown for
each of the 13 ears with stapes fixation in Appendix B (Figs. B.1 through
B.13). Some useful parameters associated with these fits, such as the residual
canal length estimate Lˆ, are given in Table B.1. In some cases, as observed in
Section 4.3.2, the breakpoint of the absorbance level occurs at an abnormally
high frequency, and is characterized by an upward shift in frequency of the
first pole-zero pair of Γˆmp(s) (which would typically be seen at about 1 [kHz]
for normal ears).
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5.3 Ossicular Discontinuity
As discussed in Section 4.3.3, discontinuity of the ossicular chain causes a
narrow, low frequency resonance in the magnitude reflectance, corresponding
to an abnormal peak of the absorbance level. For the six ears with ossicular
discontinuity from Nakajima et al. [2012], this resonance typically occurs
between about 0.5 and 0.8 [kHz]. Figures 5.4 and 5.5 show the absorbance
level and the minimum-phase factor Γˆmp(s) for pole-zero fits to each of the
six ears with ossicular discontinuity.
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Figure 5.4: Absorbance level [dB] of six pole-zero fits to ears with ossicular
discontinuity, compared to normative data from Rosowski et al. [2012].
Considering the absorbance level (Fig. 5.4) for each of the fits, five out
of 6 ears show an abnormal peak of the absorbance level below 1 [kHz], as
compared to the normative data from Rosowski et al. [2012]. Consequently,
these ears do not show the typical ‘breakpoint’ behavior between the low fre-
quency slope and mid frequency flat region of the absorbance level. The only
ear that does not share this behavior is ear 54R. For this ear, the breakpoint
occurs at a slightly higher frequency than normal, similar to the absorbance
level of the ears with stapes fixation. This indicates that ear 54R is stiffer
than normal; this condition interacts with the ossicular discontinuity, making
the CAR more difficult to interpret. Little study has been conducted regard-
ing ears with multiple pathologies; however, intuitively, interfering conditions
may confound detection of middle ear pathologies.
Figure 5.5 shows the pole-zero fits Γˆmp(s) that produce the curves shown
in Fig. 5.4. Five out of the six fits have a zero with small damping (σ/(2pi))
between 0.5 and 0.8 [kHz] (ω/(2pi)), characterizing the low frequency reso-
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Figure 5.5: Pole-zero fits Γˆmp(s) that produce the curves shown in Fig. 5.4.
Five out of six fits have a zero with relatively small damping (σ/(2pi)) between
0.5 and 0.8 [kHz] (ω/(2pi)), characterizing the low frequency resonance due
to ossicular discontinuity. Ear 54R (d) does not have such a zero, as the
absorbance level for this ear has no peak below 2 [kHz].
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nance due to ossicular discontinuity. For ears 15L, 28L, 71L and 83L, the
zero characterizing the low frequency resonance has the smallest damping
out of all poles and zeros of Γˆmp(s). It appears that the relative damping
of that zero, compared to the other poles and zeros of the fit, may partially
characterize the width and depth of the resonance. For instance, the zero
feature of ear 71L has an order of magnitude less damping than all other
poles and zeros in that fit. Correspondingly, the curve for P071 in Fig. 5.4
seems to have a higher and narrower maximum due to the discontinuity that
the other ears. Note that for ear 14L (Fig. 5.5a), there is a pole-zero pair
closer to the ω axis. However, this pole and zero are nearly overlapping, and
appear to fit the noise peak in the absorbance level for ear 14L at about
0.2 [kHz]. Ignoring this pair, ear 14L has a similar low frequency zero to
the other four ears. Ear 54R (Fig. 5.5d) does not have such a zero, as the
absorbance level has no peak below 2 [kHz].
For reference, a complete acoustic summary and pole-zero fit is shown for
each of the six ears with ossicular discontinuity in Appendix B (Figs. B.14
through B.19). Some useful parameters associated with these fits, such as
the residual canal length estimate Lˆ, are given in Table B.1. Note that the
impedance magnitude of each ear also shows a low frequency resonance due
to the discontinuity, similar to the reflectance magnitude.
5.4 Superior Semicircular Canal Dehiscence (SSCD)
For completeness in showing the pole-zero fits to data from Nakajima et al.
[2012], an acoustic summary and pole-zero fit is shown for each of the nine
ears with SSCD in Appendix B (Figs. B.20 through B.28). Some useful pa-
rameters associated with these fits, such as the residual canal length estimate
Lˆ, are given in Table B.1.
An extensive analysis of these ears was not performed for this thesis. The
CAR results obtained by Nakajima et al. [2012] indicated that the system-
atic changes to the CAR for SSCD are more subtle than those for stapes
fixation and ossicular discontinuity. This makes sense, as the physiological
changes due to SSCD occur a later stage in the ear system (as viewed from
the probe). SSCD is characterized by an abnormally deep notch in the mag-
nitude reflectance at 1 [kHz] (Section 4.3.4). For ears 18L (Fig. B.20), 44L
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(Fig. B.21), 52L (Fig. B.22), 82L (Fig. B.25) and 103R (Fig. B.27), it seems
that the abnormally deep notch at 1 [kHz] may be at least partially char-
acterized by the spacing of the pole-zero pair of Γˆmp(s) near 1 [kHz] (the
distance between the pole and the zero).
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CHAPTER 6
BACTERIAL BIOFILM STUDY
Children with chronic OM often have conductive hearing loss which results
in communication difficulties and requires surgical treatment. Recent stud-
ies [Nguyen et al., 2010, 2012] have provided clinical evidence that there is a
one-to-one correspondence between chronic OM and the presence of a bacte-
rial biofilm behind the TM. In a recent collaboration with Dr. Cac Nguyen,
the acoustic effects of bacterial biofilms, confirmed using optical coherence
tomography (OCT), were investigated in five adult ears. Non-invasive OCT
images were collected by Dr. Nguyen to visualize the cross-sectional structure
of the middle ear, verifying the presence of a biofilm behind the TM. Wide-
band measurements of acoustic reflectance and impedance (0.2 to 6 [kHz])
were then used to study the acoustic properties of ears with confirmed bacte-
rial biofilms. Compared to known acoustic properties of normal middle ears,
each of the ears with a bacterial biofilm has an elevated power reflectance in
the 1 to 3 [kHz] range, corresponding to an abnormally small resistance (real
part of the impedance). The reflectance properties of ears with bacterial
biofilms are examined in this chapter, followed by a pole-zero analysis of the
biofilm data.
This research was conducted under a protocol approved by the Institu-
tional Review Boards of the University of Illinois at Urbana-Champaign and
Carle Foundation Hospital (Urbana, IL). All subjects were adults (> 25
years old), and biofilm candidates had a history of chronic OM or were di-
agnosed with fluid via otoscopy. Normal ears (volunteers) and pathological
ears (clinical patients) were assessed according to the OCT result and oto-
scopic examination. Reflectance measurements were also made for all ears
using the MEPA/HearID system (Mimosa Acoustics). Two of the five OCT-
confirmed biofilm ears (B2 and B3) appeared to have fluid present during
the otoscopic examination, which was performed during the same visit as
the reflectance and OCT measurements. Reflectance measurements were
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collected in a busy clinical environment (working in a sound booth was not
practical), resulting in low-frequency measurement noise. Data is presented
for one OCT-confirmed normal and five OCT-confirmed biofilm ears. Nor-
mative reflectance data is drawn from Rosowski et al. [2012], as in Section
2.3.
6.1 Bacterial Biofilms
Bacterial biofilms have been considered to be the cause of many chronic
infectious diseases [Dohar et al., 2009, Parsek and Singh, 2003, Macassey and
Dawes, 2008, Costerton et al., 1999]. Biofilms have been linked to chronic
OM and OM with effusion in the middle ear. Biofilms are complex, colonized
bacterial structures. This biopolymer structure often has the consistency of
glue, and the protected bacteria within a biofilm become inherently resistant
to most conventional antibiotics, due to the mechanical protection of the
film, resulting in reinfection and treatment complications for chronic OM
cases [Aparna and Yadav, 2008].
The impact of a bacterial biofilm on the acoustic characteristics of the
middle ear had not been previously studied. Intuitively, the presence of a
bacterial biofilm on the surface of the TM affects the motion of the TM,
where acoustic pressure waves in the ear canal are transduced to mechanical
waves of the ossicular chain. Further, bacterial biofilms may have different
thicknesses and cover different areas of the TM, which may cause the acoustic
effects to vary greatly across different biofilm cases. It is therefore necessary
to further investigate the acoustic impact of bacterial biofilms.
6.2 Biofilm Detection with Optical Coherence
Tomography
Detection and imaging of middle ear biofilms was performed using a custom-
built OCT-otoscopy system with a hand-held probe designed for clinical use
[Jung et al., 2011, Nguyen et al., 2012]. Currently, OCT is the only imaging
technique which can acquire in vivo, non-invasive images of the middle ear
structure [Nguyen et al., 2010, 2012]. The human TM is approximately 100
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[µm] thick, while the thickness of a biofilm varies in the range of tens to hun-
dreds of micrometers [Lim, 1995, Xi et al., 2006]. These micro-features of the
middle ear are not resolvable by more traditional medical imaging techniques
such as CT, MRI, and ultrasound, even with state-of-the-art high-resolution
methods. To perform OCT, low-coherence light is generated from a broad-
band optical source and split by a beam splitter or fiber-optic coupler into
two beams that are sent to sample and reference arms of the interferometer.
The reference arm contains a stationary mirror, while the sample arm con-
tains beam-delivery optics directed toward the sample. The interference of
the two back-reflected or scattered beams is captured by a linear photodetec-
tor array and processed by a computer to describe the depth-resolved optical
scattering properties of the tissue. The broadband, near-infrared light allows
axial resolutions of up to 2 to 3 [µm] and penetration depths of up to 2 to 3
[mm] in highly-scattering tissues. The interference of scattered light from the
tissues and reflected light from a mirror provides structural, depth-resolved
information about the tissues, in the form of two-dimensional cross-sectional
images or three-dimensional volumes.
(a) (b)
(c) (d)
Figure 6.1: Otoscope and OCT images for a normal ear (N1) and an ear with
OCT-confirmed bacterial biofilm (B1). (a) Otoscope picture of ear N1, (b)
OCT image of ear N1 (perpendicular to the plane of the TM, shown in (a)),
(c) otoscope picture of ear B1, (d) OCT image of ear B1.
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Figure 6.1 shows otoscope and OCT images for a normal ear (Figs. 6.1a
and 6.1b) and an ear with bacterial biofilm (Figs. 6.1c and 6.1d). The TM
of a normal human ear appears translucent to opaque under video otoscopy.
Figure 6.1a shows an image of the healthy TM captured via video otoscopy.
Considering the OCT scan (Fig. 6.1b), the normal TM is readily identified by
two sharp edges, about 90 [µm] apart, which is consistent with the average
thickness of the human eardrum (about 100 [µm]). As expected from this
image, the TM is classified as normal via the algorithm described in Nguyen
et al. [2010] and Nguyen et al. [2012]. Note that the thickness of the TM
varies with spatial location. TM regions near the periphery are significantly
thicker than regions closer to the umbo.
In the case of chronic OM, the appearance of the TM under video otoscopy
may differ between patients (e.g. red, cloudy, or retracted). The ear with a
biofilm, which has a cloudy TM, is shown in Fig. 6.1c. Using OCT, various
biofilm structures have been observed in patient ears [Nguyen et al., 2012].
These biofilms can appear with different thicknesses, scattering levels, and
have either partial or complete presence within the cross-sectional scans. In
the OCT image (Fig. 6.1d), the bacterial biofilm and TM structures are
indicated. This biofilm is about 130 [µm] thick at the scan location, and is
attached to the inner surface of the TM. Thus the thickness of this biofilm
at the imaging location was 30% greater than that of the normal TM. Such
a thickening is consistent with predictions of the characteristic impedance of
the TM as a function of radius from the umbo [Parent and Allen, 2010].
60
.5 1 5
0
0.2
0.4
0.6
0.8
1
Frequency [kHz]
|Γ|2
Power Reflectance
(a)
.5 1 5
−15
−10
−5
0
Frequency [kHz]
10
lo
g 1
0(1
−|Γ
|2 ) 
[dB
]
Absorbance Level
 
 
N1
B1
Normal Region
Avg. Normal Ear
(b)
.5 1 5
.05
.1
.5
1
5
10
Frequency [kHz]
|Z|
/r 0
Normalized Impedance Magnitude
(c)
.5 1 5
−.5
0
.5
Frequency [kHz]
∠
 
Z 
[ra
d/pi
]
Impedance Phase
(d)
.5 1 5
−0.5
0
0.5
1
1.5
2
2.5
3
Frequency [kHz]
R
e{
Z}
/r 0
Normalized Resistance
(e)
.5 1 5
−10
−8
−6
−4
−2
0
2
Frequency [kHz]
Im
{Z
}/r
0
Normalized Reactance
(f)
Figure 6.2: Acoustic comparison of normal ear N1 and OCT-confirmed
biofilm ear B1. (a) Normalized impedance magnitude, (b) impedance phase,
(c) normalized resistance, (d) normalized reactance. The dotted black lines
and gray regions show the average normal ear ±1 standard deviation from
Rosowski et al. [2012]. The main marker of a biofilm is the near-zero resis-
tance between 1 and 2 [kHz], corresponding to an impedance phase close to
−pi/2 (consistent with a purely imaginary impedance).
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6.3 Acoustic Properties of Biofilm Ears
Figure 6.2 shows an acoustic comparison of an OCT-confirmed biofilm ear
(B1) with an OCT-confirmed normal ear (N1). For these plots, the light gray
regions show ±1 standard deviation about the mean for 112 measurements
of 56 normal ears from Rosowski et al. [2012]. Black dotted lines show the
normative means based on that study. Considering the power reflectance
(Fig. 6.2a) and absorbance level (Fig. 6.2b), ear N1 falls well within the
normal region up to about 4 [kHz]. Assuming the absorbance is an approxi-
mation to the middle ear transfer function, this ear actually performs better
than normal above 4 [kHz]. Considering the same plots, ear B1 (the ear with
biofilm) falls well outside of the normal range. Most notably, the power re-
flectance has an abnormal maximum with a peak of 0.8 (80% reflected power)
at 1.7 [kHz], causing the power reflectance to be much higher than normal
between 1 and 2 [kHz]. The unusual maximum at 1.7 [kHz] causes a ‘reverse
slope’ appearance, as the power reflectance curve between 0.4 and 1 [kHz] is
approximately perpendicular to the normal mean curve. Considering the ab-
sorbance level, the abnormal maximum in the power reflectance corresponds
to a minimum of the absorbance level at 1.7 [kHz], about 6 [dB] below the
mean normal absorbance level. Considering that the ±1 standard deviation
region is about 2 [dB] wide at this frequency, this seems to be a severe effect.
In order to further analyze the acoustic effects of this bacterial biofilm,
the acoustic impedance (related to the reflectance via Eq. 2.3) of the biofilm
ear (B1) is compared to that of the normal ear (N1) in Figs. 6.2c through
6.2f. Consider the acoustic impedance measurements of normal ear N1 and
biofilm ear B1 near 1.7 [kHz], where the power reflectance shows the greatest
abnormalities for the biofilm ear. In Fig. 6.2e, normal ear N1 has a normal-
ized resistance that is slightly higher than normal near 1.7 [kHz], while the
biofilm ear B1 has a normalized resistance that is much lower than normal,
approaching zero. Because the middle ear is a passive system, the resistance
must be greater than zero. Thus, the resistance of the biofilm ear approaches
this fundamental limit, making its deviation from normal noteworthy. Thus,
at 1.7 [kHz], the impedance of the biofilm ear becomes almost purely re-
active. This is apparent in the impedance phase of ear B1 as well, which
approaches −pi/2 at this frequency (a pure compliance). As the impedance
becomes purely reactive, the reflectance magnitude must approach 1, thus
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the minimum of the resistance corresponds to a maximum of the power re-
flectance at 1.7 [kHz]. One possible physical interpretation of this data is that
at 1.7 [kHz] the bacterial biofilm causes the TM to behave as a rigid surface;
thus, the middle ear is effectively blocked and the impedance becomes that
of an approximately lossless (purely reactive) cavity. Further experimental
evidence will be required to confirm this conjecture.
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Figure 6.3: Five ears with OCT-confirmed biofilms. (a) Power reflectance, (b)
absorbance level [dB], (c) normalized resistance magnitude, (d) normalized
reactance magnitude. The dotted black lines and gray regions show the
average normal ear ±1 standard deviation from Rosowski et al. [2012]. Note
that ears B2 and B3 were also diagnosed with OM during the otoscopic
examination. All five biofilm ears show a depressed resistance between 1
and 3 [kHz], even though ear B5 appears close to normal when considering
the power reflectance, and ears B2 and B3 have different high-frequency
properties (presumably related to OM).
Figure 6.3 shows an acoustic summary of all five ears with confirmed
biofilms. Ignoring low-frequency abberations, which in part are due to noise,
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the power reflectance (Fig. 6.3a) is higher than normal, and the absorbance
level (Fig. 6.3b) is lower than normal, for all ears within the 1 to 3 [kHz]
range. Abnormal maxima in this range result in the ‘reverse slope’ behavior
of the power reflectance in the 0.5 to 2 [kHz] range. While the power re-
flectance and absorbance levels for ears B1, B4 and B5 return approximately
to normal at higher frequencies, the two ears that were diagnosed with fluid
as well, B2 and B3, also show an elevated power reflectance (a depressed
absorbance level) above 3 [kHz]. This is consistent with previous studies of
reflectance for middle ears with effusion [Feeney et al., 2003, Allen et al.,
2005, Ellison et al., 2012].
Figures 6.3c and 6.3d show the normalized acoustic resistance and reac-
tance; unlike Figs. 6.2e and 6.2f, these figures show magnitude quantities
plotted on a log-log scale. Note that normalized reactance magnitude is
similar to the normalized impedance magnitude (Fig. 6.2c), because the nor-
malized resistance magnitude is comparatively small for most frequencies.
Considering Fig. 6.3d, like ear B1, the other biofilm ears have reactance
measurements that lie approximately within the normal region, with slight
deviations at low frequencies, which are most likely related to measurement
noise (Fig. 6.3d). Considering Fig. 6.3c, the effect of a biofilm on the nor-
malized acoustic resistance appears to be consistent. All five biofilm ears
have an abnormally low normalized resistance in the 1 to 3 [kHz] range,
corresponding to the abnormally high power reflectance.
Figure 6.4 shows the distributions of the normalized resistance for normal
ears and for ears with OCT-confirmed bacterial biofilms. The light gray
region shows ±1 standard deviation for the Rosowski et al. [2012] normal
ears, the dark gray region shows ±1 standard deviation for the biofilm ears
from this study, and the dotted lines show the means of both distributions.
The normalized resistance of the biofilm ears has a large standard deviation
at low frequencies due to measurement noise. However, there is a clear
separation of the distributions between about 1 and 3 [kHz], particularly
just below 2 [kHz]. This indicates that considering the normalized acoustic
resistance in this frequency region may aid in the detection of biofilms using
acoustic measurements.
Variations across measurements of the ears with biofilms presented in this
study have two primary sources: some of the ears have interacting patholo-
gies (e.g. a biofilm and fluid), and biofilms may coat different areas of the
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Figure 6.4: The dotted black lines show the average normal ear from
Rosowski et al. [2012] and the average biofilm ear from this study; the light
gray region shows ±1 standard deviation for normal ears, and the dark gray
region shows ±1 standard deviation for biofilm ears. Just below 2 [kHz],
these regions do not overlap, indicating that a depressed resistance near 2
[kHz] may be a useful feature for detecting biofilms.
TM with differing thicknesses. For each of the five abnormal ears, a biofilm
was confirmed, but the three-dimensional biofilm colonization within these
middle ears could not be described with the current OCT system. Varia-
tions of the power reflectance and acoustic resistance features, such as the
frequencies at which abnormal elevation of the power reflectance (depression
of the normalized resistance) occur, may be related to spatial and thickness
variations of the biofilm colonizations. Therefore, modeling acoustic mea-
surements of biofilm ears will likely require consideration of the two- and
three-dimensional structural features of biofilms adherent to the TM.
Considering previous reflectance studies of pathological ears, the power
reflectance of the OCT-confirmed biofilm ears shows deviations from normal
that are dissimilar to the well-studied systematic changes wrought by other
middle ear conditions. The power reflectance measurements of the ears that
were diagnosed with a biofilm alone, particularly ears B1 and B4, show a
potentially unique profile due to the biofilms. All ears show some degree of
‘reverse slope’ behavior of the power reflectance, between 0.5 and 2 [kHz],
related to the abnormal decrease in the normalized resistance.
The most likely confounding conditions in these ears are TM thickening or
fluid presence. Ears with biofilms may share some acoustic properties with
ears that have a thickened or inflamed TM, because a biofilm is a plaque
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buildup on the TM. However, the effects of these two conditions may not
be exactly the same, due to differing tissue properties. Considering previ-
ous power reflectance measurements of OM ears (e.g. Piskorski et al., 1999
(N = 1, child); Feeney et al., 2003 (N = 4, adult); Allen et al., 2005 (N = 1,
child); Beers et al., 2010 (N = 42, children)), OM typically causes an ele-
vated reflectance level across most frequencies. The power reflectance mea-
surements of biofilm ears B2 and B3, which were also diagnosed with fluid,
show similar traits to existing OM with effusion data; ear B3 has an elevated
reflectance across all frequencies, and ear B2 has an elevated reflectance at
high frequencies.
Ears B2 and B3 also have a lower normalized resistance (Fig. 6.3c) at
high frequencies than the biofilm-only ears. It is possible that the acoustic
effects of an effusion and a bacterial biofilm may both cause a depressed
normalized acoustic resistance, but for different frequency ranges. Though a
power reflectance of 1 does not necessarily mean that the resistance is zero,
as mentioned previously, it is provable that a resistance of 0 forces the power
reflectance to be 1. Considering previous studies, the power reflectance for
ears with an effusion may be close to 1 across all, or most, frequencies. Thus,
while biofilm ears may have an abnormally low normalized resistance (high
power reflectance) in the 1 to 3 [kHz] range, OM ears with effusion may have
an abnormally low normalized resistance over a wider range of frequencies
due to fluid interfering with the TM and ossicular motion.
6.4 Pole-Zero Results
An acoustic summary and pole-zero fit is shown for each of the five ears with
OCT-confirmed bacterial biofilm in Appendix B (Figs. B.29 through B.33).
Some useful parameters associated with these fits, such as the residual canal
length estimate Lˆ, are given in Table B.1. Extensive analysis and modeling of
these pole-zero fits was not performed, because these fits have relatively high
error due to noise in the data. For instance, ear B2 (Fig. B.30), which might
be considered the lowest quality measurement, has a lot of noise which causes
strange behaviors in the fit at low frequencies. This results in an abnormally
high Lˆ estimate of 17.2 [mm], which is most likely very inaccurate.
Still, there are some consistent irregularities in the fits Γˆmp(s) that charac-
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terize the abnormal behavior of the reflectance magnitude, due to bacterial
biofilm. Considering the 1 to 3 [kHz] range, where the reflectance magni-
tude is abnormally high for all five biofilm ears, there a number of unpaired
poles of Γˆmp(s), or poles with relatively small damping compared to their
neighboring zeros. These poles appear to characterize the abnormal peaks
of the reflectance magnitude. The fit Γˆmp(s) of ear B1 (Fig. B.29) has a
lone pole at ω/2pi = 2 [kHz], as do the fits to ears B4 (Fig. B.32) and B5
(Fig. B.33); all three of these ears were diagnosed with bacterial biofilm only.
For ears B2 and B3, which also had fluid present, the reflectance magnitude
does not have a sharp peak in this frequency region. The fit Γˆmp(s) to ear
B2 (Fig. B.30) also has a lone pole just above 2 [kHz], but that pole has
fairly high damping compared to other poles and zeros in the fit. For ear B3
(Fig. B.31), Γˆmp(s) has a pole just below 2 [kHz] that is more widely spaced
from its neighboring zero than is typically seen for the fine structure minima
and maxima of the reflectance magnitude (Section 5.1).
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CHAPTER 7
DISCUSSION
Limitations and theoretical constraints of the fitting procedure are discussed
in the following sections, along with potential applications for pole-zero char-
acterization of CAR data. Finally, the key results presented in this thesis are
summarized. Because this work places such a large emphasis on the meth-
ods, results regarding the diagnosis of specific middle ear pathologies are still
somewhat preliminary.
7.1 Limitations
The pole-zero fitting method is limited by the data provided, and will typi-
cally not be accurate outside of the measured frequency range (either above
or below). Because the reflectance is not known at higher or lower frequen-
cies, the calculation of Γˆap(s), approximating the residual ear canal effect,
must be inherently imperfect [Voss and Allen, 1994]. Additionally, the ap-
propriate relative order of the fit (Nz vs. Np) is related to high frequency
asymptotic behavior of the data, which may be unknown. As stated in Sec-
tion 3.2, the relative order is determined by the values of D and E in Eq. 3.2;
these fit the high frequency data, because all other terms (e.g. Ci/(s− Ai))
go to zero for large ω values.
Pole-zero fits to the data are also impacted by the estimated surge resis-
tance r0 (Eq. 2.3). The use of an incorrect area value to calculate r0 will
cause errors in the calculation of the reflectance [Rasetshwane et al., 2012].
For the Mimosa Acoustics HearID system, the canal area A is set according
to the size of the foam tip used. It has been shown that small variations in
the ear canal area relative to the calibration cavity area, within 20%, cause a
negligible change in the reflectance measurement [Keefe et al., 1992, Voss and
Allen, 1994]. Nonetheless, this will have a small effect on the CAR function
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and the pole-zero locations of its approximation.
7.2 Relative Order of Γˆ(s)
In Section 3.3, it was determined empirically that the fit parameter E should
be set to zero when fitting in the reflectance domain, while the value D
should not (though it is typically small). When E is forced to zero, the
inverse Laplace transform of the reflectance fit Γˆ(s) is
γˆ(t) = Dδ(t) +
Np∑
i=1
Cie
Aitu(t). (7.1)
Thus, a non-zero fit parameter D corresponds to an initial Dirac δ-function
singularity of the time domain reflectance [Lundberg et al., 2007]; this value
D is related to the reflectance fit via
lim
σ→+∞
[
Γˆ(s)
]
= D. (7.2)
Now consider the surge resistance, which is defined as the initial δ-function
singularity of the time domain impedance (Section 2.1). For a transmission
line model of the ear canal and middle ear (e.g. having wave propagation)
the impedance Z(s) at the probe tip has the property
lim
σ→+∞
[
Z(s)
]
= r¯0, (7.3)
where r¯0 is the true surge resistance, a real-valued constant. Considering
Eq. 2.3 in this limit, we find
lim
σ→+∞
[
Γ(s)
]
=
r¯0 − r0
r¯0 + r0
. (7.4)
If r0 is equal to the true surge resistance r¯0, the limit of Γ(s) as σ → +∞
must be zero. This means there must be no initial δ-singularity in the time
domain reflectance. Thus, considering Eqs. 7.2 and 7.4, D should be zero;
a non-zero value of D may indicate a fitting inaccuracy, or the use of an
incorrect r0 value. In the latter case, if the fitting procedure yields a good
approximation of the initial singularity in the time domain reflectance, due to
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an incorrect r0 value, D might be used to estimate the true surge resistance
value from the CAR data via
r¯0 = r0
1 +D
1−D. (7.5)
7.3 Applications
The fitting algorithm is fast, and may be easily implemented in a reflectance
measurement system. Ultimately, it may allow for more robust automated
classification than visual assessment or correlations between magnitude re-
flectance values and audiometric measurements. Pole-zero fitting is advanta-
geous because it reduces the entire complex response to a small set of param-
eters, without extensive processing of the CAR data. Further study will be
needed to meet this objective, using larger sets of normal and pathological
CAR data in combination with known physical characteristics of normal and
pathological middle ears, to establish final classification strategies.
Pole-zero fits may also be used to synthesize network models of the complex
impedance (e.g. Brune, 1931, Van Valkenburg, 1964). However, such RLC
networks will not necessarily be unique. Networks synthesized from pole-
zeros fits of CAR measurements will often lack direct physical interpretations
present in other models, such as the Zwislocki [1962], Kringlebotn [1988], or
Parent and Allen [2010] models. However, they will have great utility for
quantifying CAR data.
As stated in Section 1, pole-zero fits are not intended to be used in their
raw form in the clinical realm; a visual diagnosis may be much better achieved
by considering the absorbance level in [dB], as shown in Fig. 4.5b. However,
this method may be of great value for modeling and diagnosis of middle
ear pathologies based on reflectance. Pole-zero fitting allows for a concise
quantitative representation of reflectance that can be useful when designing
algorithms to automatically detect pathologies.
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7.4 Summary
This thesis establishes a methodology for examining the physical and math-
ematical properties of CAR data using pole-zero fitting. Pole-zero fits can
characterize CAR data with low error and small number of parameters. For
instance, 112 CAR measurements of normal ears from Rosowski et al. [2012],
measured by the Mimosa Acoustics HearID system over 0.2 to 6 [kHz], may
be fit with 12 poles, 12 zeros, and an average RMS relative error of 2.1%.
It was determined that for the present analysis it is best to fit the CAR (Γ)
measurements directly, instead of fitting in the impedance (Z) or admittance
(Y ) domain. This is because, across multiple data sets, the reflectance do-
main fits had the lowest fitting error for a given pole order. Additionally,
it is convenient to fit reflectance domain data because the fitting algorithm
ensures that Γˆ(s) is stable prior to factorization into its minimum-phase and
all-pass components. It was empirically determined that reflectance domain
data should be fit with an equal number of poles and zeros (Nz = Np; D is
nonzero), even though in theory the reflectance should have fewer poles than
zeros. This discrepancy may be due to the limited frequency range of the
data or an incorrect estimate of the surge resistance r0, among other things.
While considering the complex data instead of the reflectance magnitude
reintroduces undesired variation due to the residual ear canal, measurements
may be effectively compared across ears by factoring the reflectance fit into its
minimum-phase and all-pass components. The magnitude of the minimum-
phase component of the CAR is, by definition, equal to the reflectance mag-
nitude, thus preserving the current diagnostic standard. It was found that
the all-pass factor of the reflectance fit resembles a delay, presumably from
the ear canal. In some cases this delay is frequency dependent, which is
likely due to the non-uniform area of the ear canal or lossless delay in the
TM. Estimating the residual ear canal contribution with the all-pass factor,
reasonable estimates were achieved for the residual canal length, indicating
that this approximation has utility for analyzing pole-zero fits to CAR data.
In this investigation, it was established that reflectance domain fits show
distinct pole-zero pairs in the mid-frequency region of individual variation for
normal ears, from about 1 to 4 [kHz], characterizing the fine structure min-
ima and maxima of the magnitude reflectance. Perhaps the most important
marker of a normal middle ear is the breakpoint between the rising slope and
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the flat region of the absorbance level, corresponding to the first minimum
of the magnitude reflectance. This breakpoint is typically characterized by
a closely-placed pole-zero pair located near 1 [kHz]. If this feature is missing
or shifted in frequency in the pole-zero fit, it may be an indication of middle
ear pathology.
Considering pathological data from Nakajima et al. [2012], some pole-zero
features for stapes fixation due to otosclerosis, ossicular discontinuity, and
SSCD were determined. It was found that stapes fixation due to otosclerosis
may be partially characterized by modeling the low frequency compliance
of the TM impedance, estimated using the minimum-phase component of
the reflectance fit. Ossicular discontinuity appears to be well-characterized
by a lone zero with a relatively small damping value between about 0.5
and 0.8 [kHz], in combination with the absence of a typical 1 [kHz] pole-
zero pair, indicating an abnormal breakpoint. This zero characterizes the
resonance due to increased compliance in one of the ossicular joints (typically
the incudo-stapedial joint). Finally, SSCD may be partially characterized by
an atypically wide spacing of the pole-zero pair near 1 [kHz], corresponding
to an unusually deep notch in the magnitude reflectance at that frequency.
In the biofilm study, it was determined that an abnormally low normalized
resistance in the 1 to 3 [kHz] range, which corresponds to a ‘reverse slope’
behavior in the 0.5 to 2 [kHz] range, is the main feature distinguishing the
five biofilm cases from normal ears. Future study of a wide range of OM-
related conditions, with definitive biofilm and non-biofilm classifications, is
needed. Considering pole-zero fits to the biofilm ear measurements, in many
cases abnormal peaks in the reflectance magnitude between 1 and 3 [kHz]
are characterized by unpaired poles, or poles with relatively small damping,
in the same frequency range.
Pole-zero modeling provides a concise, parametric characterization of CAR
data, which should enable improved automated identification of middle ear
pathology using a noninvasive, yet relatively low cost measurement system.
Further analysis of large data sets is required to determine the best features
for classification of various middle ear pathologies. However, the preliminary
results presented in this thesis show promise for classification and modeling
of middle ear pathologies using pole-zero fits to CAR data.
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APPENDIX A
VECTOR FITTING
A vector fitting procedure developed by Gustavsen and Semlyen [1999] is
used to fit complex, frequency domain data to a function of the form shown
in Eq. 3.2. The vector fitting procedure is an iterative two step process, which
converts a nonlinear least squares problem to a linear least squares problem
by introducing an unknown scaling function Θ, having known poles. Let
the iteration index of the algorithm be denoted by m=1,2,...,M. Note that
the pole order of the algorithm is fixed; if some error criterion is not met,
the algorithm may be re-run with a greater number of poles Np. On each
iteration, a least squares problem is solved based on the following equations:
Hm(s) =
Np∑
i=1
ci,m
s− ai,m−1 + dm + ems (A.1)
Θm(s) =
Np∑
i=1
bi,m
s− ai,m−1 + 1. (A.2)
These equations are linear in their unknowns ci,m, dm, em, and bi,m. Both
Θm(s) and Hm(s) share the same known poles ai,m−1, which have either
been determined in the previous iteration, or initialized by the user. It is
important that Θm(s) and Hm(s) have the same poles, because the poles
algebraically cancel when a ratio of the functions is taken in a later step of
the algorithm (Eq. A.4). The algorithm iterates to converge on the unknown
poles Ai = ai,M of the fit Fˆ (s) = FM(s) (which are a nonlinear unknown in
Eq. 3.2). The initial poles ai,0 are the ‘starting poles’ of the algorithm; their
selection will be described below.
The vector fitting method relates Eqs. A.1 and A.2 to the measured data
F (ωk) at a given frequency index k via
Θm(s)
∣∣∣
s=jωk
F (ωk) = Hm(s)
∣∣∣
s=jωk
. (A.3)
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When evaluated over the many available frequency points of F (ω), Eq. A.3
results in an over-determined linear problem in the unknowns ci,m, dm, em,
and bi,m. At each algorithm step, the current fit is given by
Fm(s) =
Hm(s)
Θm(s)
(A.4)
using the estimated values of ci,m, dm, em, and bi,m. This fit is related to the
data via
F (ω) ≈ Fm(s)
∣∣∣
s=jω
(A.5)
and should improve with iteration.
Because Hm(s) and Θm(s) share the same poles, by construction there is
a perfect cancellation in Eq. A.4. Thus, upon iteration, the zeros of Θm(s)
become the poles of Fm(s). To see this, consider the product forms of Eqs. A.1
and A.2 for a non-zero em,
Hm(s) =
em
∏Np+1
i=1 (s− zi,m)∏Np
i=1(s− ai,m−1)
(A.6)
Θm(s) =
∏Np
i=1(s− ai,m)∏Np
i=1(s− ai,m−1)
, (A.7)
where zi,m are the zeros of Hm(s), ai,m are the zeros of Θm(s), and ai,m−1
are the known poles of both functions. Substituting Eqs. A.6 and A.7 for
Eq. A.4 yields
Fm(s) =
Hm(s)
Θm(s)
=
em
∏Np+1
i=1 (s− zi,m)∏Np
i=1(s− ai,m)
. (A.8)
Thus, on each iteration the zeros of the scaling function Θm(s) become the
poles of the fitted function Fm(s). On the last iteration, the poles ai,M
become the poles of FM(s) = Fˆ (s) (Eq. 3.2) such that Ai = ai,M . Gustavsen
and Semlyen found that it is better to calculate the remaining quantities Ci,
D, and E via the least squares procedure outlined by Eq. A.3, using ai,M as
the starting poles. Thus, the final quantities Ci = ci,M+1, D = dM+1, and
E = eM+1 are the result of a partial iteration.
An appropriate selection of starting poles ai,0 is necessary for the con-
vergence of the vector fitting method. For a function with resonance peaks,
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such as the reflectance, Gustavsen and Semlyen [1999] suggest that the start-
ing poles (complex conjugate pairs ai,0 = −αi,0 ± jβi,0, with αi,0 = βi,0/100
advised) be linearly distributed over the frequency range of the data. The
linear problem can become ill-conditioned if the starting poles are real. Large
differences between the starting poles and the best fit poles of the response
can cause large differences between Θm(s) and Hm(s) resulting in poor least
squares solutions [Gustavsen and Semlyen, 1999].
If the least squares procedure returns unstable poles (Re{ai,m} > 0), their
real parts are reflected to the left half s-plane before the next iteration.
Due to this, the error will not always decrease monotonically with iteration.
Depending on the application, it may also be beneficial to impose additional
properties. For example, one might force the impedance to be minimum-
phase, instead of merely stable. This could be done by inverting the real part
of any zero that appears in the RHP, similar to the procedure for enforcing
stability of the poles. Such a constraint may cause an increase in error, but
could have utility for physical modeling.
The error depends on the starting pole values due to noise in the data. Ad-
ditionally, due to the smoothness of the reflectance function and the number
of available parameters, there exist multiple non-unique fits yielding reason-
able fit errors (e.g. within a certain MSE tolerance). Thus the poles (of an
already low error fit) may vary with iteration, resulting in non-monotonic
error. Typically, significant MSE improvement over the first few iterations
occurs only for low pole orders (e.g. Np < 10 over a 0.1 to 10 [kHz] range).
For high pole orders (e.g. Np > 20 over the same range) the fitting procedure
achieves close to its lowest MSE within one iteration. When the order is
approximately known, as it is here, the starting poles better cover the entire
frequency range, causing the fit to commonly converge within a few itera-
tions. For low orders of poles, more iterations may be necessary to migrate
the poles to their best fit locations.
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APPENDIX B
POLE-ZERO FITS OF PATHOLOGICAL
EARS
Table B.1: Useful parameters of the pole-zero fits in Figs. B.1 to B.33.
Ear Pathology Zeros/Poles MSE [dB] Lˆ [mm]
P008L Stapes Fixation 12/12 -34.8 10.9
P027R Stapes Fixation 12/12 -32.8 13.5
P029R Stapes Fixation 10/10 -35.5 5.4
P031L Stapes Fixation 12/12 -38.0 8.4
P034R Stapes Fixation 12/12 -36.4 11.4
P035R Stapes Fixation 10/10 -34.3 13.0
P039L Stapes Fixation 14/14 -29.5 7.0
P041R Stapes Fixation 12/12 -35.5 11.1
P042R Stapes Fixation 14/14 -35.5 6.0
P049L Stapes Fixation 10/10 -32.2 8.7
P056L Stapes Fixation 14/14 -36.6 8.1
P062L Stapes Fixation 10/10 -40.3 11.7
P067L Stapes Fixation 12/12 -35.5 15.0
P014L Ossicular Discontinuity 12/12 -33.9 5.1
P015L Ossicular Discontinuity 14/14 -32.4 9.7
P028L Ossicular Discontinuity 10/10 -33.2 9.4
P054R Ossicular Discontinuity 10/10 -29.6 4.3
P071L Ossicular Discontinuity 14/14 -33.3 9.4
P083L Ossicular Discontinuity 6/6 -30.5 11.8
P018L SSCD 12/12 -32.1 13.5
P044L SSCD 14/14 -29.9 10.5
P052L SSCD 10/10 -33.2 8.3
P059R SSCD 10/10 -33.3 8.1
P074L SSCD 14/14 -38.3 10.7
P082L SSCD 12/12 -30.6 11.7
P087R SSCD 12/12 -30.6 9.8
P103R SSCD 14/14 -26.3 9.7
P104L SSCD 12/12 -30.1 6.7
B1 Bacterial Biofilm 11/12 -28.6 10.9
B2 Bacterial Biofilm 10/10 -27.6 17.2
B3 Bacterial Biofilm 8/8 -30.6 7.9
B4 Bacterial Biofilm 14/14 -27.4 11.8
B5 Bacterial Biofilm 12/12 -27.3 4.5
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